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U S COAST AND GEODETIC SURVEY 


INTRODUCTION 

In 1902 this bureau issued a publication entitled “ United States 
Magnetic Decimation Tables and Isogomc Charts for 1902, and 
Principal Facts Belatmg to the Earth’s Magnetism,” by L A Bauer, 
at that time chief of the division of terrestrial magnetism The 
decimation tables and charts have been superseded by later pub 
lications, as more accurate and more detailed information regarding 
the earth’s magnetism m the United States has been secured m the 
progress of the magnetic survey of the country The demand for 

f eneral information regarding the eaith’s magnetism has been met 
y reprmtb of Principal Facts Belatmg to the Earth’s Magnetism 
m 1909, 1914, and 1919, with only slight changes m the original text 
So much progress has been made since 1902 m the study of the 
earth’s magnetism that the 1902 publication no longer gives a satis 
factory picture of the present state of our knowledge of the subject, 
and this new publication is intended to supersede it and bring the 
information up to date 

To begin with, the practical importance of a knowledge of the 
earth’s magnetism is pointed out, the fundamental pioperties of a 
magnet are given, and the nature of the earth’s magnet field is ex 
plained There follows a historical sketch of the development of our 
knowledge of the loadstone, the invention of the compass, and the 
discovery of the facts of the earth’s magnetism The methods and 
instruments used m the field and at observatories for measuring 
the earth’s magnetism and its variations are described, and the 
present extent of our accumulated data is given Finally, the 
theories which have been advanced to account for the earth’s mag 
netism and its changes are outlined, and its relations to other phe 
notnena are touched upon 

Much of the historical material has been taken from the 1902 pub 
lication Detailed reference to original sources of information is 
not considered necessary Benjamin’s Intellectual Kise m Electricity, 
published m London m 1895 and republished m New York m 1898 
Under the title u History of Electricity,” was used freely by Bauer, 
and the writer has found the Bibliographical History of Electricity 
and Magnetism, by P Fleury Mottelay (London, 1922) of great 
assistance Mottelay’s English translation of Gilbert’s De Magnete 
and Dr G Hellmann’s reproduction m 1898 of the very rare writings 
on the earth’s magnetism prior to 1600 have made it possible to 
get first hand information regarding those important documents 
Additional information regarding the early history of the compass 
was obtained from the investigations of G Hellmann, A Wolken 
hauer, P Timoteo Bertelli, and W van Bemmelen 

IMPORTANCE OF A KNOWLEDGE OF THE EARTH'S MAGNETISM 

Before the discovery of the directive property of the loadstone and 
the invention of the compass the traveler on land or at sea had to 
determine his direction of travel from known landmarks or the 
heavenly bodies , when they were not visible he was at a loss to know 
which way to go From this it resulted that the early explorers at 
sea did not venture far from land for fear that they might lose their 
way However, by following along the coast of Africa they eventu- 
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ally reached India and China With the introduction of the com 
pass everything was changed Heie was something to give direction, 
regardless of daikness, clouds or mist Adventurous spirits, like 
Columbus and Cabot, set boldly forth to find the unknown lands be 
yond the trackless ocean Their confidence m the compass was 
shaken for a time when they found that it did not in general point 
tiue north, but after safe return from voyages to the new world, con 
fidence was restored, and exploration advanced very rapidly 
Now practically every vessel of every description is equipped with 
one or more compasses, and the courses to be sailed fiom poit to port 
are accurately laid down, for coastwise as well as for transoceanic 
travel Even the limited number of steamers equipped with gyro 
compasses carry magnetic compasses also for use m emergency 
The surveyor’s compass was one of the earliest forms of surveying 
instruments and for nearly all of the early land suiveys in the United 
States the boundaries were defined m the deeds by compass bearings 
Even at the present time it is in general use where land values are low 
and more accuiate and expensive methods are not justified 

I 1 or the traveler m unexplor ed regions the compass is still indis 
pensable, and the not mlxequent reports of persons being lost m 
forests of small extent show that it is a wise precaution to take a 
compass foi even such short departures from the beaten path 
The compass is as necessary to the aerial navigator as to the mar 
mer, and a special form of instrument has been devised for his use 
The location and development of deposits of magnetic iron ore and 
other investigations of the geologist are aided by a knowledge of the 
facts about the earth’s magnetism and the use of instruments for 
measunng it 

The transmission of messagts by telegraph and cable is frequently 
interrupted by currents of electricity in the earth, and electricity m 
the air has a material effect on the transmission of radio waves and 
these electrical manifestations aie in turn closely allied with the 
earth’s magnetism and its fluctuations 
With so miny matters of eveiyday occuirence directly affected by 
the earth’s magnetism, it is very important that we should find out 
all we can about it, how it is distributed over the earth’s surface, 
how it changes from hour to hour and from year to year, how it 
originated and what causes it to change, how it is related to earth 
currents, atmospheric electricity, solai activity, and other allied 
phenomena 

PROPERTIES OF MAGNETS 

A piece of non or steel which has the property of attracting iron 
or steel is called a magnet Loadstone, or magnetic oxide of iron, 
possesses this property m nature, and it is therefore called a natural 
magnet An artificial magnet may be made out of any piece of iron 
or steel by subjecting it to suitable treatment There are other so 
called magnetic bodies, such as nickel and cobalt, which are at 
tracted m lesser degree by a magnet and which are susceptible of 
magnetization 

It will be found bv trial that ther e are two places m a magnet, one 
near each end, at which the attraction is greatest, and that there is 
a neutral line near the middle where the effect of the attraction be 
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comes zero For most purposes the attractive force of a magnet may 
be considered as concentrated at two points, one m each region of 
maximum attraction These points are called the poles of the mag 
net, and the Ime joining them is its magnetic axis A magnet sus 
pended with its axis horizontal and free to turn about a vertical axis 
will take up a definite direction approximately north and south 
The pole near the north seeking end is called the north pole of the 
magnet, the one near the south seeking end the south pole 

If the north pole of another magnet be bi ought near to the north 
pole of the suspended magnet it will be repelled, if it be brought 
near the south pole it will be attracted, that is, like poles lepel, 
unlike poles attract each other 

The space surrounding a magnet through which its influence ex 
tends is called its magnetic field At every point m the held the 
magnetic force exerted by the magnet has a definite strength and 
direction 

If a piece of soft iron be placed m contact with, or near, one pole 
of a magnet, it will become magnetized and acquire the property of 
attracting other iron This is called magnetization by induction 
When the iron is removed from the magnet it will lose this property 
The end of the piece of iron nearer to the magnet acquires opposite 
polarity to that end of the magnet We now see that the attraction 
of a magnet for a magnetic body follows the same law that applies 
to the action between two magnets Like poles repel, unlike poles 
attract When a magnetic body is brought near the north pole of 
a maghet the part nearest the magnet becomes a south pole by m 
Auction and is attracted by it The part faithest away fiom the 
magnet becomes a north pole by induction and is lepelled by the 
north pole of the magnet As the foimei is nearer the magnet than 
the latter, the resultant effect is an attraction In the same way 
when a magnetic body is brought near the south pole of a magnet, 
the part nearest the magnet becomes a north pole by induction, and 
is attracted as befoie, that is, induction precedes attraction 

It is found that magnets gradually lose then magnetism with 
time, but at a diminishing rate Magnets aie now usually made of 
a special grade of steel which has a high degiee of retentivity, and 
the rate of loss is small 

A magnet loses strength when heated, but regains it when cooled, 
provided it was not heated too hot A magnet heated red-hot loses 
its magnetism, and for the time being ceases to be a magnetic body 
When it is cooled it again becomes a magnetic body, but it does not 
regam its magnetism 

THE EARTH S MAGNETISM 

The ea^th acts like a great spherical magnet, and like a magnet it 
is surrounded by a magnetic field, and the measurement of the earth’s 
magnetism at any place consists m determining the direction and 
intensity of that field 

A magnet suspended m such a way as to be free to turn about its 
center of gravity would take a position with its magnetic axis 
directed along the lines of forces of the earth’s magnetic field As 
it is piactically impossible to suspend a magnet m that way, it is 
usual to determine the direction of the earth’s magnetic field bv 
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means of two magnets, one constrained to turn about a veitical axis, 
giving the direction m the horizontal plane (compass needle), and 
the other constrained to turn about a horizontal axis, giving the 
direction in the vertical plane (dip needle) 

The magnetic meridian at any place is the vertical plane fixed by 
the direction of the lines of force or the direction of the compass 
needle at that place 

The magnetic decimation, D, is the angle between the (astronomic 
meridian and the magnetic meridian, and is consideied e^st or west, 
according as the magnetic meridian is east 01 west of tiue north 
Decimation is often called variation of the compass 01 sim ply 
variation 

The dip or inclination, I, is the angle which the lines of foice make 
with the plane of the horizon 

Instead of measuring the total intensity, F, of the eaith’s mag 
netic field, it is usually moie convenient to measuie its horizontal 
component, II These three quantities, decimation, dip, and hon 
/ontal intensity, are usually spoken of as the magnetic elements, and 
from them the total intensity and its component in any direction 
may be computed by simple formulas 

The so called magnetic poles of the earth are those points on its 
surface at which the dip needle stands vertical and toward winch 
the compass needle points throughout the adjacent region The 
north magnetic pole is approximately in latitude 71° N and longi 
tude 96° W, and the south magnetic pole m latitude 73° S and 
longitude 156° E It must be borne m mind that these magnetic 
poles have not the chaiactenstics of the poles of a bar magnet If 
they had there should be an enormous increase m the total intensity 
when appioachmg them, which is not the case They are not even 
the pomts of maximum intensity, there being four areas, two m 
each hemisphere, where the total intensity is greater A bar magnet 
within the earth which would produce effects approximating those 
observed at the surface would have its poles nearly coincident 

A piece of iron m the earth’s magnetic field becomes magnetized 
by induction m the same way as when placed in the field of a 
magnet This fact is of the gieitest importance to navigation m 
modem ships, since the iron which enters so largely into thou con 
struction becomes magnetized by induction and has a disturbing 
effect on the compass, and every time that the ship changes its 
direction its magnetism changes and the effect on the compass 
changes 

EARLY HISTORY OF THE COMPASS 

DISCOVERY OF THE LOADSTONE AND ITS 1 ROI’ERTIES 

At what date the properties of the loadstone first became known 
to man has not been definitely determined Its property of attract 
mg iron was certainly known to the Greeks toward the close of the 
seventh century B C , as it is mentioned by Thales, who lived from 
640 to 546 B C Some writers credit the Greeks with the use of the 
loadstone to direct navigation at the time of the siege of Troy, on the 
basis of a passage in Homer’s Odyssey, but the reference seems too 
vague to justify such a conclusion The origin of the word magnet 
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is not well established, but it probably came from the place where 
the loadstone was first found (in the hills of Magnesia) 

According to Bertelli, a careful examination of the writings of 
more than 70 Greek and Latin authors, covering the penod from the 
sixth century B C to the tenth century A D , failed to find any 
mention of the directive property of the loadstone, or any sugges 
tion from which one might conclude that this directive property was 
used either m navigation, astronomy, or surveying during that long 
period of time, though there are numerous descriptions of voyages 
and storms at sea where mention of the compass would be expected, 
if it had been m general use at the time Apparently the only facts 
about the loadstone which were known at that time weie its prop 
erty of attracting iron and of communicating that attractive power 
to iron That the property of polarity was unknown before the tenth 
century is indicated by the fact that Plmy and subsequent writers 

explained the phenomena of attrac 
tion, repulsion, and neutralization of 
magnetic action by ascribing them to 
three supposedly different minerals, 
magnete, teamede, and adamas An 
other circumstance supporting the 
conclusion that the compass was not 
used in the Mediterranean before the 
tenth century is the fact that all the 
early descriptions of it which we have 
(by Neckam, Guyot, etc , late in the 
twelfth century) speak or it as a new 
and wonderful thing 

There seems to be no doubt that the 
directive property of the magnet was 
known to the Chinese before the be 
ginning of the Christian era Some 
wntert) go so far as to say that it was 
known as early as 2634 B C Ac 
cording to Klaproth a quaint legend 
relates that m the reign of Ho ang ti 
the Emperor’s troops attacked some 
rebels led by Tchi yeou, on the plains 
of Tchou lou Finding that he was 
getting the worst of the conflict, Tchi-yeou raised a great smoke 
m order to throw the ranks of his adversary into confusion Ho 
ang ti was equal to the occasion, however, and constructed a 
chariot which indicated the south and thus was enabled to pursue the 
rebels and take Tchi yeou prisoner Benjamin considers this legend 
as clearly mythical Ho ang-ti was probably the outstanding figure 
of early Chinese history, the founder of the Chinese Empire, and 
it would not he surprising if knowledge and acts were ascribed to 
him which really belonged to a much later epoch 
In various Chinese writings there are descriptions of the so 
called “ south pointing carts ” (tchi nan) , and Humboldt is au 
thoi lty for the statement that they were m use as early as 1110 B C 
The south-pointing cart had mounted m front a pivoted figure with 
an outsti etched arm A magnet was so placed in the figuie that the 
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arm would always point south This device was m use m China as 
late as the fifteenth century of the Christian era and was introduced 
into Japan m the seventh century 

There is also mention in Chinese books, now generally accepted as 
authentic, of the early use of a rude compass with a floating needle 
In a work entitled “ Mung khi pi than,” which appeared toward the 
end of the eleventh century of the Christian era, occurs the follow 
mg remaikable passage 

The soothsayers rub a needle with a magnet stone so that it may mark the 
south however it declines constantly a little to the east it does not indicate 
the south exactly When this needle floats on the water it is much agitated 
The needle can also be balanced on the finger nail or on the edge of a cup 
but these being hard, the needle is unstable and slips easily It is better m 
order to show its virtues in the best way to suspend it as follows Take a 
single filament from a piece of new cotton and attach it exactly to the middle 
of the needle by a bit of wax as large as a mustard seed Hang it up in a 
place where there is no vmd Then the needle constantly shows the south 
but among such needles there are some which being rubbed indicate the north 
Our soothsayers have some which show south and some which show north 
Of this property of the magnet to indicate the south no one can tell the origin 

The intention of the Chinese author apparently was to point out 
the three methods of supporting a compass needle First, by floating 
it on the surface of a liquid, second, by pivoting it on some hard 
substance , and, third, by suspending it with a slender fiber 

Considering all the available evidence, it seems probable that the 
attraction, polarity, and directive property of the loadstone were 
discovered independently m China and Europe The number of 
points of the early Chinese compass was 24 instead of 32 , they reck 
oned from the south instead of from the north, the form of the 
Chinese instrument was different from that developed m Europe 
and had a very short, thin needle All efforts to account satisfac 
tonly for the spread of the knowledge of the properties of the load 
stone from eastern to western nations, or vice versa, have thus fai 
failed 

The names given to the magnet m other countries are suggested, 
as a lule, by one of its properties, as attraction for iron (French, 
aimapt, Spanish, iman), directive property (English, loadstone, 
Icelandic, leidersteen, Swedish, segelsteen, German, siegelstem) , 
hardness (Roman, adamas, Old English, adamant) The Italian 
form, calamita, may be derived from the method of supporting the 
magnet m the early foim of compass, namely, on a bit of reed 
(calamo) floating m a vessel of water 

The nature of the attraction for iron by the magnet was variously 
explained by the early Greek w nters “ Iron gives it life and nour- 
ishes it,” “A certain appetite or desire of nutument that makes the 
loadstone snatch the iron,” “ Humidity m iron which the dryness of 
the magnet feeds upon,” “On the surface of the magnet there are 
hooks and on the surface of the iron little rings ” 

In addition to the physical pioperties of the loadstone recognized 
at the present day, curative properties for all sorts of maladies were 
ascribed to it m the Middle Ages, just as su(h pioperties were later 
ascribed to electricity Toothache, gout, dropsy, hemorrhage, and 
convulsions were among the many complaints which it was said to 
relieve, and even disputes between husband and wife came within 
the scope of its magic powers 
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On the other hand, a common belief which prevailed for many 
centuries was that a magnet would lose its directive property if 
rubbed with garlic, and mariners were charged not to eat onions or 
garlic lest the odor fiC deprive the stone of its virtue by weakening it 
and prevent them from perceiving their correct course ” 

INVENTION OF THE COMPASS 

There seems to be no doubt that the Chinese were the first to use 
a form of compass m land journeys and m the orientation of build 
mgs The passage from Mung khi pi than already cited shows that 
they had compasses with floating needles as early as the beginning 
of the twelfth century, and some writers maintain that they were m 
use centuries earlier Klaproth, who made a special study of the 
early history of the compass, found “ No indubitable use ” of the 
compass m navigation by the Chinese until toward the end of the 
thirteenth century 

The earliest definite mention of the use of the compass m Europe 
occurs m a treatise entitled “ De Utensilibus,” written about the end 
of the twelfth century by an English monk, Alexandei of Neckam 
In another hook, De Naturis Rerum, he writes “ Mariners at sea, 
when through cloudy weather m the day, which hides the sun, or 
through the darkness of the night they lose knowledge of the quarter 
of the world to which they are sailing, touch a needle with a magnet 
which will turn around until, on its own motion ceasing, its point 
will be directed toward the north ” 

At about the same date Guyot de Provms, minstrel at the French 
court, in a politico satirical poem entitled “ La Bible,” refers to the 
use by sailors of the compass with floating needle Othei writers of 
the thirteenth century who speak of the use of the compass are 
J acobus de Vitry, Cardinal of Ptolemais m Syria , Raymond Lully, 
of Majorca, Vincent de Beauvais, a crusader, Roger Bacon, a Fran- 
ciscan Monk of Ilchester, Brunetto Latini, a celebrated Florentine 
encyclopedist, and the poet Dante Brunetto speaks of the compass 
as likely some time to be useful at sea, but adds u No master mariner 
dares to use it, lest he should fall under the supposition of being a 
magician, nor would even the sailors venture themselves out to sea 
under his command if he took with him an instrument which carries 
with it so great an appearance of being constructed under the influ 
ence of some infernal spirit ” 

It is to Pierre Pelerin de Mancourt, usually referred to as Petrus 
Peregnnus, that we owe what is probably the first European 
treatise on the magnet and the earliest known work on experimental 
physics. According to Roger Bacon, a contemporary, Peregnnus 
was the only man besides Master John of London, who at that 
period could be deemed a perfect mathematician and was one who 
understood the business of experimenting m natural philosophy, 
alchemy, and medicine better than anyone else m western Europe 

Peregnnus was a native of Maricourt, a little village m Picardy, 
France, and his appellation Peregnnus indicates that he had taken 
part m the Crusades He was a partisan of Charles of Anjou and 
was with him at the siege of Lucera m southern Italy at the time 
(August, 1269) of writing his famous letter to his friend and neigh 
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bor, Sygerus de Foucuucourt — Epistola Petn Peregrmi de Man 
court ad Sygerum de Foucaucourt, Miletem, de Magnete 

In this epistle he gave a clear and concise statement about what 
was then known regarding the magnet and its properties, which he 
had evidently tested experimentally He conceived and made use 
of a spherical loadstone “ m the likeness of the heavens,” the pro- 
genitor of Gilbert’s terrella, and with its aid devised methods for 
locating the poles, and found that at the poles a shoit piece of a 
needle would stand perpendicular to the suiface of the stone He 
must also be credited with discovering the fact that when a mignet 
is broken into a number of pieces each piece 
will be a magnet, and with devising the 
methods of touch and rubbing for leveismg 
the polarity of a needle 

In the second part of the letter he de 
scribed improvements of the compass (1) by 
the substitution of a pivoted needle foi one 
floating m wxter, and (2) by the graduation 
of the rim of the circular bowl so th it the azi 
muth of any heavenly body might be meas 
ured more easily and with greater accuracy 
It will be noticed that Peregrinus had m 
his impioved compass all the devices needed used by i F ©i°euTnus C °ul6^ 
to ascertain whether the magnetic needle 

pointed precisely to th$ north or not As he reached the conclusion 
that the poles of the magnet receive their power fiom the poles of the 
world and noted that the dnection of the magnet is not toward the 
mariner’s star, since that stai is always out of the meridian except 
twice m each complete revolution of the firmament, it seems safe to 
assume that the needle did not at that time point} tar fxom tiue 
north at the place where he made his experiments 
Peregrinus proposed the use of a magnet m the constiuction of a 
perpetual motion machine, though Gilbert doubts whethei the idea 
was original with him lie was ccitamly not the last to work along 




Fig 3 — Double pivoted compass invented by Peregrimis 


that line, as the idea has persisted m one form or another to the 
present day 

With only a few manuscupt copies of the letter of Peregrinus, 
knowledge of its contents could hardly have become very wide 
spread, and some of the facts about the magnet which it contained 
were later discovered independently by others Up to modern times 
there was a persistent tradition that the mariner’s compass was in 
vented by Flavio GiO]a, of Amalfi, Italy, about the yeai 1302 Ber 
telli made a very thorough investigation of the origin of this tradi 
tion and found nothing to indicate that it was founded on fact The 
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first writer to refer to it was Flavio Biondo, who, about 1450, made 
a first attempt at a history of Italy, and the name “ Flavio ” appears 
to have been introduced as the name of the reputed inventor by sub 
sequent writers who quoted from this work of Flavio Biondo 

It may be that one of the early Chinese compasses with floating 
needle was introduced into the Mediterranean by the Amalfians 
There appears to be no direct evidence on this point, but as the 
Amalfians were very enterprising and were permitted by the 
Arabian Government to traffic with the extreme east, it does not 
seem improbable that on some voyage a compass was brought home 
as a curiosity In any case, while it can not be definitely stated that 
this man invented the compass or that that man was responsible for 
certain modifications, it seems reasonably certain that the Amalfians 
should be credited with improving the compass by the substitution 
of a pivoted needle for the floating one and by the addition of the 
graduated compass card or “rose of the winds” attached to the 
needle and moving with it 

COMPASS CHARTS 

With the improvement of the compass it became possible for the 
mariners to determine with greater accuracy the direction from 
one port to another, and the construction of charts began to develop 
The early charts of the Mediterranean coasts of the fourteenth and 
fifteenth centuries were oriented by compass, as at that time the 
fact that the compass needle does not m general point true to the 
pole had not become known and it was believed that compass direc- 
tions were also true directions 

The earliest of these charts were by Marino Sanuto. between 1306 
and 1324, the best, however, are those m the atlas of Andrea Bianco 
of Venice, which bears the date 1436 This atlas was subjected to 
a critical comparison with modern charts by Oscar Peschel He 
found that m spite of the crude appliances m use at that date, the 
distances from place to place harmonized m a most remaikable 
manner with later, more accurate, determinations, but the places were 
not always m their proper relations as regards latitude and longi- 
tude, the departures therefrom being quite systematic This was 
more noticeable m the latitudes because of the greater distances 
involved, places at the west end of the Mediterranean being shown 
too far north with reference to those at the east end 

Ag the charts were based on compass directions, this systematic 
departure from the true directions indicates that the direction 
shown by the compass at that time differed by an appreciable amount 
from true north By measurmg the angle through which one of 
these charts had to be turned (about Rome as a center) m order that 
the places would fall in their proper geographic relations, Bauei 
found that the magnetic decimation at Rome was about 5° E m 1436 ? 
or more probably before that date, as the charts were undoubtedly 
constructed from data obtained during many years prior to the 
date of publication 

In later years, after the fact of the magnetic decimation became 
known, it became the practice in some localities to place the needles 
at such an angle to the compass card that the compass would give 
tiue bearings instead of magnetic bearings m the paxticular locality 
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in winch it was to be used Thus Noiman, m his book, The Newe 
Attractive, published m London in 1581, says that he finds m Europe 
fi\e sorts of compasses, depending upon the locality in which they 
were used Those made m Italy gave the correct magnetic bearings, 
as a rule, presumably because the magnetic declination was small 
in the Mediterranean, but m Holland and Denmark the wires were 
set three quarters of a point or sometimes a whole point “ to the east 
ward of the north of the compass,” and in compasses for use m 
France, Spam, Portugal, and England the wires were most com 
monly set at half a point, and by these compasses the charts of the 
coasts of those countries as well as of the East and West Indies were 
made In Russia still another angle was used 

Norman goes on to say 

And the mayster or marynei sayhng by these compasses of sundry sorts 
may thereby fall into great penll and the reason is because that of long time 
these compasses have been used and by them the maime plats have been 
described of sundry sortes every one according to the compass of that country 
If then he take not the compasse of the same setts or making that the plat 
was made by then his carde or plat will show him one couise and the com 
passe when he thmketh he goeth well will carry him another way 

DEVELOPMENT OF THE MODERN COMPASS 

The compass m the form developed by the Amalfians probably 
continued m use for many years without material modification At 
what time a special mounting for the compass was provided so 
that the compass bowl as well as the compass caid would remain 
horizontal m spite of the rolling and pitching of the ship is not 
known, but the first printed description of the caidan suspension 
appeared m 1604 This foim of universal joint, now m such gen 
eral use, made possible gi eater accuracy m measuring the compass 
bearing on any object, whether terrestrial or celestial, and paved 
the way for the introduction of the azimuth circle and other aids 
to the use of the compass 

With the introduction of iron and steel in the construction of 
ships it was found not only that the direction indicated by the com 
pass was different for every heading of the ship but also that the 
compass card with a single needle was so easily set in motion swing 
mg back and forth that it became difficult m rough weather to make 
an accurate reading This latter difficulty was overcome first by the 
substitution of a number of parallel magnets attached to the compass 
card symmetrically on both sides of the center line, m place of the 
single magnet, and later by the design of the liquid compass, in 
which the compass bowl is filled with liquid so that the compass 
c ard nearly floats and rests only were lightly on the pivot 

The disturbing effect of the magnetism of the ship can be deter 
mined for each heading of the ship and allowance made for it, but 
when the amount becomes great, as it does in ships made largely 
of iron or steel, this method becomes inconvenient and does not 
yield sufficient accuracy To meet this difficulty there has been 
developed a method of counteracting the effect of the ship’s mag 
netism so that the deviations will be small, “compensation of the 
compass,” as it is called It is based on the general principle that 
the effect of the iron and steel of the ship acting at various distances 
may be balanced by magnets and soft iron suitably placed near the 
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compass Before the geneial use of steel m ship construction, the 
disturbance was due mainly to magnetism induced m the iron of the 
ship by the earth’s magnetism Poisson made a study of this phase 
or the problem and m 1824 published a paper on the subject which 
has formed the basis for subsequent investigations of the theory 
of compass deviations 

With the more general use of steel there was added to the induced 
magnetism the more or less permanent magnetism acquired by the 
steel either durmg the construction of the ship or afterwards The 
system of compensation finally evolved therefore provides for the 
use of both permanent magnets and soft iron, the part of the ship’s 
magnetism which changes with change of heading being balanced 
by soft iron spheres and the part which lemams constant with 
change of heading being balanced by the permanent magnets The 
compass is mounted m a binnacle (fig 4) to which the compensating 
devices are attached For further information on the subject the 
referred t0 Special Publication No 96 of this bureau, en 
titled Instructions for the Compensation of the Magnetic Com 
pass,” by N H Heck and W E Parker 

, a ^ S ^ ee ^ particularly armored war vessels, the effect 
or the ship s magnetism on the compass is excessive, and the difficulty 
of securing and maintaining satisfactory compass compensation is 
very great Fortunately the development of the gyrocompass has 
made it possible to substitute it for the magnetic compass under 
such conditions r 


DISCOVERY OF THE MAGNETIC DECLINATION AT SEA 
Benjamin m his Intellectual Else in Electricity says 

t a T wl G hf f n Cy K 0:e T ag h etlc .? eedle t0 de P art from the true north appears 
observed Chinese geomancers m the compasses used by 

Y us ? f the . lns trument was made A so called life 

thevarmHnii^whl an< ! im P eri al astronomer undertakes to show that 

iwi th I? 01 ceDtury w as nearly 3 west of south Later we 

such^s spe< l lal circles of symbols to the compass card 

such as a circle of 9 fictitious stars a circle of 60 dragons and so on and 
among these circles of points especially constructed to allow for variation 
east of ye il r 900 b f Yang Yl wllen tli e variation was 5 15 
r^sZe h di?e n c d tiof m ^ centunes later when lt: had inei eased to 7° 30 

* he Pasfge from Mung khi pi than, already cited, it is stated 
that the -south end of the needle constantly declined a little to the 
east (toward the end of the eleventh century) 
la another book of about the same date it is stated that if the 
T 6 m a£ e float on water by means of a bit of reed it will 
show the south, but always with a declining toward the point “ pme ” 
Ping is the point 15 E of S Some writers contend that this and 
similar passages indicate that the fact that the compass needle does 
5” !?u general P 0 ™-^ exactly to the pole of the heavens was known to 
yhnmse several centuries before its discovery by Columbus It 
should be noted, however, that translators are not agreed as to the 
proper rendering of the passage from Mung khi pi than, and the 
version given above is not altogether clear, so that there is some 
doubt as to whether it correctly represents the statements of the 
author 
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Bertelli points out that if the Chinese had known of the magnetic 
decimation as early as the twelfth century it is reasonable to presume 
that the knowledge would hare been handed down from generation 
to generation We find, however, that when, at the beginning of the 
seventeenth century, the Jesuit mathematician and astronomer, 
Matteo Ricci, and some of his fellow missionaries were allowed by 
the Emperor of China to take part in the Tribunal of Mathe 
maticians, it was with great difficulty and only by ocular demonstra 
tion that they were able to convince the Chinese scientists that the 
magnetic and astronomic meridians are not coincident At that *• 
time the decimation at Peking was about 2 W , as deteimmed by 
Ricci Nearly two centuries later Amiot found, that the Chinese 
still used that value of decimation m placing then sundials, show- 
ing that the knowledge of the fact was preserved for two centuries 
after its demonstration by Ricci 

Coming now to Europe, Columbus is credited with the discovery of 
the fact that the compass needle does not in general point true to the 
pole and that it changes its direction as it is carried from place to 
place On his first voyage he sailed from Palos to Gomera, one of 
the Canary Islands, and then laid his course due west, leaving on 
the evening of September 8, 1492 Our knowledge of the voyage is 
based on an abridged narrative written by Las Casas, a contem- 
porary of Columbus, who had before him the original journals of 
Columbus, his map of the first discovery, and many letters and 
documents now lost In this narrative of the voyage it is stated 
that on the evening of September 13 the needle varied to the north- 
west and the next morning about as much in the same direction 
On September 17 the pilots took the sun’s amplitude and found that 
the needles varied to the northwest a whole point of the compass 
The seamen were terrified and dismayed without saymg why The 
admiral discovered the cause and directed them to take the ampli 
tude again next morning, when they found that the needles were 
true The cause was that the star nfoved from its place while the 
needles remained stationary 

The statement regarding the westerly decimation of the needle 
seems to be perfectly definite, but it is difficult to harmonize it with 
the other statements of the extract If the compass needles actually 
pointed west of true north between September 13 and 17, how did 
it happen that the needles were true again the next morning? Did 
Columbus change the compass card (as he is said to have done on 
an earlier voyage) in order to allay the fears of his sailors? Ob- 
servations were apparently made on the sun at sunrise and sunset, 
but the “ motion of the star ” is given as explanation of the mystery 
It is to be regretted that Las Casas abridged in any degree the log 
book of this epoch making voyage, as there must always be some 
doubt as to the accuracy of his record 
Fortunately we have additional evidence on the subject There 
ippears to be no fuithei reference to the decimation of the needle 
during the remainder of the voyage However, in a letter to his 
sovereigns giving a narrative account of his third voyage Columbus 
wrote “ I remarked that from north to south in traversing these 
hundred leagues from the said islands (Azores) the needle of the 
compass, which hitherto had turned toward the NE , turned a full 
quarter of the wind to the NW , and this took place from the tune 
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we reached that line ” Continuing, he says “ For m bailing thence 
(from the Azores) westward the ship went on rising smoothly 
toward the sky and then the weather was felt to be milder, on 
iccount of which mildness the needle shifted one point of the com 
pass, the farther we went, the more the needle went to the NW, 
the elevation producing the variation of the circle which the north 
star describes with its satellites ” 

Here again there is a positive statement that there was a change 
m the direction of the needle not long after leaving the islands and 
that the decimation had been east at first This latter statement 
indicates that the existence of the magnetic declination was known 
before the time of Columbus Such may have been the case, but 
as the investigations of Van Bemmelen indicate that the decimation 
at that time was probably between 3° and 5° E throughout the 
eastern Mediterranean (see fig 5), the change from place to place 



would hardly be noticed, and the decimation itself might indeed 
have been ascribed to instrumental error or error of observation, 
when the means available at that time for determining the declma 
tion are considered 

In the journal of the homeward part of his second voyage (April, 
1496) there were, accordmg to Humboldt, passages indica ting that 
Columbus attempted to make use of the observed direction of the 
compass needle as an aid to the determination of the ship’s position 
m j j^ u< ^ e those days the means for determining elapsed time 
and distance sailed were very crude, half hour sand glasses for time 
and only an estimate of the speed of the ship based on previous ex 
penence Any device which seemed likely to give a more accurate 
determination of longitude was seized upon with avidity So we 
find that this idea of determining longitude from the magnetic 
decimation was revived at intervals after Columbus’s time until ac 
cuiate timepieces became available 
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In spite of the disci epancies and ambiguities m the statements 
ascribed to Columbus, theie seems to be no doubt that he must be 
credited with the discovery of the fact that the direction of the coin 
pass needle is different m different places and foi the determination 
of the approximate position of a point on the agonic line, where the 
needle points tiue north 

As to the actual amount of decimation encounteied by Columbus 
m his first voyage, Schott attempted to ropioduce the track fol 
lowed by his ships from the known point of departure and the 
accepted point of arrival m the Bahama Islands and the distances 
and courses sailed according to the record m his journal It should 
be noted that m spite of the recoi ded decimation of “ a whole pomt 
to the I¥” (11!4°) on September 17, Columbus continued to lay 
his course due west by compass, except where stress of weather or 
indications of land led to a change Fiom these data Schott con 
eluded that the decimation could not have been more than 8° W for 
any considerable portion of the voyage He allowed a steady change 
from 3° E at the Canary Islands to 8° W on September 17, at 
latitude 27° 38' and longitude 36° 30', then holding this value until 
October 1 at latitude 25° 48' and longitude 52° 14', following with 
a gradual decrease to zero at the Bahama Islands He estimated 
that Columbus crossed the agonic line between longitude 26° and 27° 
If his conclusions are correct it is possible that the decimation of a 
v hole pomt lepoited by Columbus on September 17 may have 
represented the change of decimation fiom what it had been in the 
Mediterranean md that this may be an indication that the fact of 
decimation was not lecogm/ed before th it time 

A second pomt m the line of no decimation was found by Sebas 
tian Cabot m 1497 or 1498 on his voyage to Labrador, m latitude 
46° or 47° and on the meridian 110 miles west of the island Flores, 
one of the A/oies It is said that Cabot lepresented to the King 
of Englind that the vamtion of the compass was different m many 
places, and was not absolutely regulated by distance from any par 
ticular mendian, that he could pomt to a spot of no variation, and 
that those whom he had ti lined as seamen were particularly 
attentive to this pioblem, noting it a( one time thuce within a 
short space 

This line along which the needle pointed exactly to the north, 
one point of which had been fixed by Columbus and another by 
Cabot, was believed to be a convenient lino “given by nature her 
self ” from which to reckon longitude, especially as it passed very 
near to the place from which longitude w is then leckoned, and it 
figured prominently for many yeais m political geography as the 
line of demu cation between the rival kingdoms of Portugal and 
Castile It is clear, however, by referring to any chart showing 
the lines of equal magnetic decimation, that this line does not com 
cide with a true meridian, and it will be seen latei that its position 
is not fixed but changes with 1 ipso ot time 

DISCOVERY OF THE MAGNETIC DECLINATION ON LAND 

Knowledge of the discovery by Columbus of the change m the 
direction of the compass needle as he crossed the Atlantic was no 
44842 —25 % 



16 


U S COAST AND GEODETIC SURVEY 


doubt soon communicated to other navigators, and additional inf or 
mation on the subject gradually accumulated as the result of othei 
voyages of trade or exploration 

The investigations of Hellmann indicate, howevex , that it was the 
construction of sundials that first brought this phenomenon to the 
attention of those on land Besides fixed sundials, the use of which 
may be traced back into the Babylonian Chaldean period, there were 
also m olden times portable sundials for tiavelers, the distinctive 
feature being a small compass, to be used no doubt fox purpose of 
orientation Samples of these portable sundials are preserved m 
many of the museums of Europe, the oldest dating fiorn 1451 The 
majority of them are of German origin, and it appeals that as eaily 
as the middle of the fifteenth century Nuremberg was a recognized 
center for the manufacture of sundials provided with magnetic 
needles, which found a leady market not only m Geimany but m 
other countries 


One of the most famous of these compass makexs, as they were 
called, was George Hartmann, who lived m Nuremberg hom 1518 
until his death, serving as vicar of the chuich of St Sebaldus He 
constructed such sundials m great numbers for persons of high rank, 
among others for Duke Albert of Prussia, with whom he coi re- 
sponded This correspondence has fortunately been pxeseived foi 
us In one letter Hartmann speaks of making eight compass sun 
dials of ivory and four smaller ones of boxwood, most of them de- 
signed for use m latitude 55° 

Thanks to the searching investigations of A Wolkenhauei theie 
have been brought to light three compass sundials constructed pnox 
to 1500 The most important of these is m the Museum Feidman- 
deum at Innsbruck This is a pocket sundial not much laiger than 
a watch which bears the date 1451 It is made of coppci (oi Ibion/e) 
gilded and decorated with a black enameled imperial eagle Accord- 
ing to Hellmann, there appears to be no question that this sundial 
was made m Nuremburg, probably for Empeior Frederick III 

The cardinal points are indicated on the rim of the compass box 
Across the bottom of the box thei e is a heavily engraved line, forked 
at one end, which it is believed indicates the dnection of the com- 
pass needle at Nmemberg, about 11° east of tiue noith, at the time 
the instrument was made A second specimen, m the Bavarian Na- 
tional Museum, dating from the year 14o6, and \eiy piobably by 
the same maker, likewise has engraved on the compass aim© making 
an angle of about 11° with the tiue north south line As the making 
of compass sundials had evidently leached a high state of perfection 
m the middle of the fifteenth century, Hellmann aigues that this 
“S ie <>i E may refer to an earliei date than 1451, as it is known 
that the same angle was used by Nuremburg compass makers well 
into the sixteenth century 

We have no means of determining at what date the makers or 
users or these sundials became convinced that the failure of the com- 
pass needle to point exactly north was not due to imperfection of 
construction or to the peculiarity of the loadstone with which the 
needle was rubbed, but it is to Hartmann that we owe the first 
recorded determination of the magnetic decimation on land Under 
date of March 4, 1544, he wrote to Duke Albert of Prussia that from 
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lu& own obseivations lie had found the clcclmition to be about 6° E 
at Rome and 10° E at Nuiembuig md more oi less it other places 
As Hartmann was living in Rome m 1510, his obseiiation must lefer 
to that date 

Even before that date, as we have seen, the compass makers 
adopted the practice of placing a line on the sundial to indicate the 
angle between tiue north and the direction taken by the compass 
needle, and Wolkenliauei gives a ealuiblc summaiy of the angles of 
the early compiss sundials tet ending to the country oi place from 
which they originated Thus it has been possible fiom some of the 
old sundials which have been pi esc i ved to demc values of the ma g 
netic declination for the date of then constiu tion Eroin the one 
shown m Figure 6, for example, an ivotv sum l al in <de by Hieiony 
mus Bellaimatus m 1541 and found m the collection of the Prince do 
Conti, it is concluded tint the declination was ibout 7° E in Pans 
in 1541 
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EARLY METHODS OF DETERMINING THE MAGNETIC DECLINATION 

The method fust used v is no doubt that of noting the magnetic 
bearing of the pole stai, ind tins was piobihlv the one employed by 
Columbus That no guai accuiacy could be attained m this way is 
self evident, and it is doubtful whether it lu st the motion of the pole 
star about the polo was iccogni/ed and taken into account 

Felipe Guillen, a Sevillian apothccaiy, devised in instrument foi 
a moie accurate deteimination of the decimation, which he called 
irujula de vananon and which he presented to the King of Poitu 
gal m 1525 With this instillment the magnetic beirmg of the sun 
was noted at equal altitudes before and after noon, with the aid oi 
the shadow fiom a stylus Half the difference of the bearings was 
the decimation 

The first book giving directions foi dotei mining the declination 
appears to be one by Francisco Filuo, publish! d at Seville in 1535 
He gave three methods, all making use ol the sun (1) Magnetic 
bearing of the sun at up pm nt noon, when the shadow of the stylus 
falls to the north, (2) Guillen’s method of equal altitudes, and (3) 



18 US COASl AND GL0DL11C SCJRVrY 

magnetic bearing of the sun at sunrise and sunset The wording of 
Las Casas’s version of the journal of Columbus and the recorded 
fact that observations were made morning and evening suggest the 
possibility that the third method may have been used by Columbus 
In 1537 Pedro Nunes improved Guillen’s instrument by adding a 
device for measuring the sun’s altitude and invented a new method 
for the deteimmation of latitude at any time ot day Infante Dom 
Luis of Portugal, who had leceived instruction m mathematics and 
astronomy fiom Nunes and had shown great interest m all nautical 

problems, presented 
such in instrument to 
Jo is de Castro, com 
mandei of one of the 
11 ships that sailed to 
the East Indies m 
1538, and charged him 
to give it and the new 
methods a thorough 
test How completely 
Castro earned out his 
instructions is shown 
by the very full jour 
naL or log books m 
which he recorded all 
his nautical, mag 
nctic, meteorologic, 
and hydrographic ob 
seivations and notes 
on allied phenomena 
from 1538 to 1541, 
and which are un- 

doubtedly the most 
valuable records of 
the land made during 
the first half of the 
sixteenth century 
They include 43 de- 
terminations of the 

magnetic decimation, 
notes regarding the 

Fig 7 — First dip aide (Noiman s lj<f) instruments and 

methods, the devia- 
tion of the compass, magnetism of locks, etc After reading the 
journals, Hellmann did not hesitate to pronounce Joas de Castro 
to be the most noteworthy representative of scientific max me mves 
tigatioms up to the close of the epoch of discoveries 

The methods thus given such a thorough trial gradually came into 
general use among navigators, and we find them described by writers 
m Spam, England, and Holland as late as the end of the sixteenth 
century, but without mention of Guillen, Falero, oi Nunes 
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DISCOVFRY OF 1HK MAGNEJLIC INC LIKA 1 ION 

Although Ilaitmiim, the Nuiemburg maker ot sundials, had 
noticed m 1541 that the noith end of the compass needle tends to 
dip below the horizon, it was left ioi Robert Norman, of London, to 
devise an appaiatus with a needle suppoited on a horizontal axis 
and actually measure the amount of dip In his book The Newe At 
tractive, published m 1531, Norm in tells “by what means the rare 
and stiange declining of the needle fiom the plane of the horizon 
was first found ” Norman was an instrument makei who had had 18 
to 20 years practical expencnce as a seiman In miking compasses 
he noticed that it was ilways necessaiy to put sm ill pieces of wax on 
the south end of the needle m older to balance it, although it had been 
perfectly balanced before magnetization He pxid little heed to this 
fact, however, until he hid occasion to make m instrument with 
a needle 6 inches long and vas constrained to cut away some of the 
north end to seeuie a balmce In doing 
this he cut it too shoit md spoiled the 
needle 

Provoked by the necessity of doing his 
work over again (“hereby being stioken 
m some chollei 55 as he says) Norman de- 
vised an instrument to determine how 
much the needle touched with the stone 
would decline, oi whit greatest angle it 
would make with the plane of the hon/on 
With this instiument lie me isuucl the dip 
at London m 1576 and found it to be 
71° 50' The general chai ictei of the in 
strument is indicated by the sketch in 
Figure 7, copied fiom Noiman’b boob 

This discovery upset the c ului bdu Is 
that the needle was di awn toward some 
point m the heavens or tov ud some m i&s 
of loadstone ne u the Noith Pok Noi- 
man continued Ins mvestigatioi s and 
pioved experimentally that the force excited on the needle by the 
earth’s magnetism does not produce motion of translation but simply 
that of rotation To do this he fn t stuck i steel wire through a 
piece of cork of such si/e as to support the needle on the surface of 
a vessel of water Then he cut away the cork bit by bit until it 
would float the who 2 oi $ inches below the surface At the same 
time he adjusted the position of the cork with respect to the wire so 
that the win would lie horizontal After being rubbed by the stone 
the north end of the wire dipped below the horizon as the needle 
had done m the dip circles but the supporting cork continued at the 
same depth as before (See fig 8 ) 

He also weighed sever al pieces of steel wire before and after mag 
netxzation, using a “ fine gold balance,” and showed that no change of 
weight oecuxTecl, thus disproving the assertion made by some that the 
act of rubbing one end of the needle by the stone added to its weight 

Norman concluded that the a point respective,” or the point toward 
which the freely suspended needle was directed, lay somewhere m 
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the continuation of the line through the dipping needle, and that dip 
obsei vations m othei places would sene to fix the position of the 
point by intersections He ventured the opinion that the angle of 
dip would be found to change accoi ding to the distance from the 
“ point respective 55 

In his book JSfoi man called attention to the common piactice of ad 
justing the compass caxd to conespond to the vanation m the region 
where it was to be used, and the confusion which hid n suited from 
the use of such compass m making maps 

Annexed to later editions of Noi man’s bool (if not to the first) 
appeared “A discourse of the variation ot the compiss,” by William 
Borough, which explained several methods of detei mining the varia- 
tion of the compass and gave directions for its use m navigation 
Borough called attention to the lriegulai distribution of the earth’s 
magnetism, paitly on the basis of his own experience as a navigator, 
and showed that the obsei ved compass variations cm not be explained 
by a magnetic north pole toward which the needle is directed 

1HE EARTH A GREA1 MAGNET 

The year 1600 is a memorable one m the history of the sciences of 
magnetism and electucity, for m that year ippeaied Dr William 
Gilbert’s famous woik De Magnete, giving the most complete sum- 
mary of the properties of in ignetic bodies up to that time, and con- 
taining his theory that the earth itself is a gieat magnet 

Gilbert was born at Colchester, England, m 1540, and alter gi adu- 
atmg at St Johns College and serving there as mathematical ex- 
aminer, he took up the study of medicine and received his degree m 
1569 He is said to have practiced as a physician with great success 
and applause His skill attracted the attention of Queen Elizabeth 
by whom he was appointed physician m oidmary, and who showed 
him many marks of her favor, besides settling upon him an annual 
pension to aid him in the prosecution of his philosophical studies 

Gilbert’s early investigations were directed to the study of chem- 
istry, but later he turned his attention to electricity and magnetism, 
his interest aroused perhaps by Nor man’s discovery of the magnetic 
dip and the publication of The Newe Attractive m 1581, for it is 
stated that Gilbert had been actively engaged m the study of mag- 
netism for nearly 18 yeais before the appearance of De Magnete m 
1600, so that he must have begun about 1582 

Gilbert went about his investigations m a thorough and systematic 
manner The book itself shows his familiarity with previous writ- 
ings on the subject, and it is said that he spent £5,000 on his experi- 
ments, “ examining very many matters taken out of lofty mountains or 
the depths of seas, or deepest caverns, or hidden mines, m order to 
discover the true substance of the earth and of magnetic forces ” 
He evidently had a collection of loadstones of vanous kinds coming 
from a number of different localities Gilbert, like Norman, was a 
thorough believer m the importance of experimentation, and he had 
no patience with the “conjectures and opinions of philosophical 
speculators of the common sort ” Herein lies the great value of Gil- 
bert’s work on the properties of magnetic bodies, that nearly every 
conclusion drawn rests on experiments made over and over under 
slightly varying conditions He was not willing to accept the state- 
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ments of others until he had satisfied himself experimentally that 
they were conect 

In connection with his conception of the earth as a great magnet 
Gilbert paid particular attention to expenments with a terrella, 01 
spherical loadstone, and a very small pivoted magnetized needle (vei 
sonum) as long as a barleycorn His description of one terrella 
gives its diameter as 6 or 7 fingei breadths, but he evidently had 
several 

De Magnete, Magneiicisque Coiponbus, et de Magno Magnete 
lelluie, as the title indicates, was written m Latih, but an English 
translation by P Fleuiy Mottelay was published m 1893, and it is 
from that translation that the information here given has been de 
n\ed Unfortunately Gilbert frequently made use of what he 
terms “ words new and unheard of, 5 ’ besides attaching to many others 
a significance far different from that generally accepted at this day, 
so that the translator had difficulty m determining the exact meaning 
o± some passages m the book 

After giving the various kinds of loadstone, wheie they aie found 
and then characteristics, similar information regarding iron, and 
noting then similarity, Gilbert sets forth his theory that the load 
stone is the fundamental form of mattei , that loadstone consti 
tutes all but the outer shell of the earth and that the various forms 
oi mattei with which we aie familiar aie derived from loadstone 
by disintegration, that the earth, being a great loadstone, has poles 
and a magnetic equator, just as the terrella has its magnetic poles 
and a neutral line between, it takes a definite direction m space, 
just as the terrella takes a definite direction with reference to the 
earth, it rotates daily about its axis, just as the terrella turns under 
certain conditions Although most of GilSert’s reasons for con 
sidering the eaith a great loadstone have since been discarded, his 
idea that the euth acts in much the same way as a spherical magnet 
was the starting point for the f utui e development of the science 
of tcnestrial magnetism 

According to Gilbert’s theory the compass needle should every 
where point m the direction of the true meridian Though he gave 
no table of values of the magnetic declination rn De Magnete, he 
was e\idcntly familiar with what was known of its distribution at 
that time and recognized the errors inherent m the instruments and 
methods then m use He explained the fact that the needle does 
not m general point true north by saying that the north end of the 
needle is drawn toward the land m the northern hemisphere and the 
south end m the southern hemisphere, because of the greater amount 
of loadstone m these more elevated portions of the earth’s crust 
He supported this statement by experiments with a terrella on which 
irregular masses projected above the spherical surface At that time 
the decimation was small m the interior of Europe and he was 
able to find a spot near the center of the raised miss on the terrella 
where the versorium showed no variation From this he concluded 
that decimation was greatest near the borders of the land and de 
ci eased to zero m mid ocean and also m the middle of continents 
Later observations showed the error of his conclusions He was 
evidently familiar with the fact that the for co directing the compass 
needle, the horizontal force, is greatest at the magnetic equator and 
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decreases toward the magnetic poles, as he gives that as the leason 
why the observed decimations aie greater m higher latitudes than 
near the Equator, the needle being more susceptible to disturbing 
causes near the surface as the directive force becomes less 
Although Gilbert probably had no obseived value of dip outside 
of the one determined by Norman at London, he was able with his 
terrella to obtain a very good idea of the distribution of dip on a 
uniformly magnetized sphere (fig 9), showing the general charac- 
teristics of actual conditions on the earth , changing from no dip at 
the Equator to 90 9 at the poles, the change with change m latitude 
bemg more rapid near the Equator than neai the poles He devised 
a giaphical method for deriving the dip foi any latitude, on the basis 



of the earth bemg uniformly magnetized about its axis of rotation, 
which gave for the latitude of London approximately the same value 
as observed by Norman, and proposed to use dip observations as a 
means of determining latitude, designed an instrument for measur- 
ing the dip, and showed how it might be mounted on board ship 
for the purpose This proposal is surprising, for he shows m an- 
other part of the book that the irregularities m the distribution of 
the earth’s magnetism make it impossible to use the decimation as a 
means of determining longitude and he recognized the probability 
that there would be corresponding irregularities m dip, but he evi- 
dently thought they would be small 
In Book IX an explanation is given of the difference between the 
attraction exeited by electrified bodies, particularly ambei, and that 
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exerted by the loadstone and other magnetized bodies The mutual 
action between loadstone and iron is gone into m great detail 
In Book III, devoted to the directive propeity of the loadstone, 
its verticity, as Gilbert calls it, attention is called to the fact that a 
bar of iron may be magnetized without being rubbed by the loadstone,, 
particularly if hammered while cooling, the direction of its verticity 
depending upon the direction in which it was held at the time, 
also that an iron bar fixed m a north and south direction for many 
years will become magnetized This latter fact was discovered on 
January 6, 1586 A piece of iron which for a long time had sup 
ported a terra cotta ornament on the tower of the church of San 
Agostino at Bimini was bent by the force of the winds and so le 
mamed for 10 years The friars, wishing to have it restored to its 
original shape, took it to a blacksmith, and m the smithy it was 
discoveied that it resembled loadstone and attracted iron 
Impressed with the fact that the earth as well as the loadstone 
exerts an influence at a distance, m spite of intervening bodies, Gil 
bert used the term “orbis \irtutis” (fig 9) to denote the magnetic 
field of a magnet — the space surrounding a magnet through which 
its influence extends — apparently getting the idea from Norman, who 
spoke of the “vertue extending rounde about the stone m great 
compasse ” 

It gives an interesting side light on the times in which Gilbert lnecf 
to read the following statement in his book “And as the planets 
and other heavenly bodies, according to their positions m the uni 
verse and according to their configuration with the horizon and the 
earth, do impart to the newcomer (newborn infant) special and pecu 
liar qualities, so a piece of iron, while it is being wrought and 
lengthened, is affected by the general cause, the earth ” Evidently 
Gilbert accepted without question the tenets of the astrologers at the 
same time that he was subjecting the properties of the loadstone to 
repeated experiments 

DISCOVERY OF THE SECULAR CHANGE OF THE MAGNETIC 

DECLINATION 

The next notewoithy contribution to the science of terrestrial mag 
netism was the discovery of the change of the magnetic decimation 
with time, by Gellibrand in 1634 Up to that time it had been sup 
posed that the decimation, though different at different places, was 
fixed and invariable at any one place, except that “by the break up 
of a continent,” as Gilbeit put it, it might suffer a change 
Henry Gellibrand was a professor of mathematics at Gresham Col 
lege He made a careful determination of the magnetic decimation 
at Diepford, about 3 miles southeast of London Bridge, on June 12, 
1634, and got the value 4° 06' E Now Edmund Gunter, another 
mathematician of Gresham College, had found it to be 5° 56^' E 
on June 13, 1622, and for 1580 Borough and Norman had found 11° 
15' E Gellibrand repeated his observations and then examined care- 
fully the published observations of Borough, without making any 
material correction Clearly, therefoi e, the magnetic declination had 
changed by a considerable amount between 1580 and 1634. 
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Gellibrand announced his discovery m a book entitled “A. Dis- 
course Mathematical on the Variation of the Magnetical Needle, to- 
gether with its Admirable Diminution Lately Discovered ” He 
refrained from speculating as to the source of the change, “ whether 
it may be imputed to the magnet or the earth, or both,’ 5 saying that 
it must all be left to future times to discover 

Gellibrand’s discovery was of the greatest importance to all users 
of the compass No longer could the mariner feel confident that on 
visiting a distant port he would find the same value of decimation 
as had been observed by previous navigators, nor could the land 
surveyor retrace the lines of an old compass survey without first 
finding out how much the decimation had changed m the meantime 

Since Gelhbrand’s time observations have shown that the dip and 
intensity of the earth’s magnetic field are also changing with lapse 
of time, but the cause of the change is still a mysteiy 

DISCOVERY OF THE DIURNAL VARIATION OF DECLINATION 

It is related that m the year 1682 in the city of Louveau, Siam, 
Pater Guy Tachart, m the presence of the king, found that the mag- 
net declination on successive days was 0° 16' W 7 0° 31' W , 0° 35' 
W , and 0° 38' W , and after the lapse of a few days, values of 0° 28', 
0° 33', and 0° 21' were obtained It is probable that these observa- 
tions were not all made at the same time of day and that the ob- 
served differences were due at least in part to the change in the 
direction of the compass needle which goes on from hour to hour 
throughout the day, and these may be considered the earliest ob$er 
vations to bring out that change 

The credit of the discovery of the diurnal variation must prop- 
erly be given, however, to a London mechanician and clock maker 
named Giaham, who, after many hundred observations of the decli- 
nation at various times of the day, made m 1722 a definite announce 
ment of his discovery The discovery was later verified and ampli 
fied by Prof. Anders Celsius in Upsala with a needle made expressly 
for the purpose, and by a host of other investigators In fact the 
diurnal variation, because of its periodic character, has been a well 
tilled as well as a fruitful field of investigation 

MEASUREMENT OF INTENSITY OF THE EARTH’S MAGNETISM 

Graham also was probably the first to suggest that relative values 
of the intensity of the earth’s magnetism might be obtained by noting 
the tune of vibration of a compass needle, but there is no record 
of observations by him Frederick Mallet was the first one to make 
such observations, and he found, in 1769, the times of vibration to 
be the same at St Petersburg and a place in China In 1776 Jean 
Charles Borda, a French mathematician and astronomer, improved 
upon the work of Mallet and made observations with the needle of 
a dip circle mounted in the magnetic meridian during an expedition 
to the Canary Islands With the dip needle so mounted relative 
values of the total intensity may be obtained, whereas the vibration 
of the compass needle would give relative values of the horizontal 
intensity With the instruments then m use it is probable that 
greater accuracy was obtainable with the dip needle With the 
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development of an instrument with a magnet supported by a silk 
fiber much greater accuracy was possible with the horizontal magnet 

Poisson was piobably the first (1828) to conceive a method for 
making absolute determinations of the intensity, but it was left for 
Gauss to devise a practical method, the one in general use to day 
His first paper on magnetism, published m 1832, was devoted to this 
subject, and a few months later, working with Weber at Gottingen, 
he developed a magnetometer with fiber suspension for decimation 
and absolute intensity observations In the same year he erected a 
magnetic observatory at Gottingen and later developed suitable m 
stiuments foi measuring the varntions of decimation and horizontal 
intensity It is interesting to compaie Gauss’s bifilar variometer, 
having a magnet more than 3 feet long, weighing 25 pounds, and a 
suspension 17 feet long, with the modern instrument having a mag 
net an inch long, weighing only a fi action of m ounce, and i quartz 
fiber suspension less than a foot long 

In 1838 Gauss published his famous paper “Allgememe Theone 
des Eidnugnctismus,” m which he developed a potential formula m 
terms of spliencal hai monies to represent the facts of the earth’s 
magnetism as known at that time This has foimed the basis for 
most of the mathematical discussions legal ding the distribution of 
the system of forces required to produce the earth’s magnetism, 
which have led to the conclusion that about 95 pei cent of it is due to 
f oi ccs within the eirth 

This study of the earth’s magnetism as a whole directed attention 
to the need of moie accuiate and moic extended information regard- 
ing the distribution of the eaith’s magnetism over the surface With 
the assistance ol Humboldt, Gauss succeeded m aiousmg the interest 
of scientists in other countries and developed one of the earliest 
examples of international coopeiation foi the study of a woild- 
embiacmg natural phenomenon Magnetic surveys were undertaken 
and observers wcie sent to region^ where magnetic observations had 
not pieviously been mack, including the expedition of Eoss to the 
vninity of the magnetic south pole Soon after 1840 magnetic ob 
servatones were established at widely sepaiated points to secure 
simultaneous data regaidmg the variations of the earth’s magnetism 
Some of them were discontinued at the close of the limited period 
for which international coopeiation had been arranged, but others 
continued m operation much longer, some (as the one at Toronto, 
Canada) even to the present day It is of interest to note that, thanks 
to the zeal of A D Bache, latei superintendent of the Coast Survey, 
a magnetic observatory was operated at Guard College, Philadel- 
phia, liom 1841 to 1845, and that variation observations were made 
m Washington from 1840 to 1842 One of the observatories estab 
lished by Eussia was at Sitka, Alaska, and was m operation from 
1842 to 1867 In spite of the inferior instruments then available, 
the operation of these obseivatones served to establish the principal 
features of the short period variations of the earth’s magnetism 

MAGNETIC SURVEYS 

From that time on the importance of a knowledge of the earth’s 
magnetism was recognized more and more, and one after another 
the civilized nations instituted magnetic suiveys of their own posses 
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sums Great Britain took the lead with a survey of the British 
Islands between 1836 and 1838 , This survey was repeated between 
1857 and 1862, again m much greater detail between 1881 and 1892, 
and once more m less detail m 1914 and 1915 The work was ex- 
tended to India, Canada, Australia, New Zealand, Egypt, and South 
Africa Nearly all European countries have now been surveyed 
magnetically m moie or less detail Japan has made two detailed 
surveys 

In the United States the magnetic survey of Pennsylvania and 
parts of adjacent States, by Alexander Dallas Bache, m 1840-1843, 
was the earliest response to the awakening of interest m terrestrial 
magnetism, if we except the scattered observations of Long, m 1819, 
Nicollet (1832-1836), Locke (1838-1843), and Loomis (1838-1841) 
The last named made the first general collection of results of mag 
netic observations m this country and prepared the first magnetic 
maps, covering the eastern part of the United States 

When the Coast Survey was reorganized m 1843 tjie making of 
magnetic observations was included m its regular functions, and 
from that time on many magnetic observations were made, at first 
confined to the coasts, to supply the necessary compass data for its 
charts, but later extended to the interior States In 1899 it became 
possible to undertake a systematic magnetic survey of the country 
The general survey has now been completed and more detailed inves- 
tigation of disturbed areas has been carried out to some extent To 
meet the needs of local surveyors, the work was based largely on the 
county subdivision of States, with a magnetic station at every county 
seat Most of the stations were marked m a permanent manner, 
so that they would be available foi future use, but m a great many 
cases industrial developments incident to increase m population have 
put an end to their usefulness 

At intervals of about five years observations have been repeated 
at selected stations distributed over the whole country, to keep track 
of the changes taking place m the earth’s magnetism with lapse of 
time 

The work has been extended to Alaska, Porto Rico, Hawaii, Phil- 
ippine Islands, Guam, and the Canal Zone, and many observations 
have been made at sea on the vessels of the bureau m connection 
with their other surveying work 

Recognizing the fact that onlv a small portion of the earth’s sur 
face xs occupied by the civilized nations, and that it would be 
extremely difficult to secure governmental funds for work to be done 
outside a country’s jurisdiction, Di L A Bauer, who was m charge 
of the magnetic work of the United States Coast and Geodetic Sur- 
vey from 1899 to 1906, presented to the trustees of the Carnegie 
Institution of Washington a plan for the establishment of a buieau 
foi international magnetic research, including a world wide mag- 
netic survey to supplement the work being done by other agencies 
Tins plan was approved, and the Department of Terrestrial Magnet- 
ism of the Carnegie Institution of Washington was established m 
April, 1904, and Bauer became its first director 

With about three quarters of the earth’s surface covered by water, 
it was evident that one of the most important features of a world 
magnetic survey should be a magnetic survey of the ocean areas 
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Some observations at sea had been obtained on the Frebus , Terror , 
and Pagoda, under Ross, in the fourth decade of the nineteenth cen 
tury, on the Challenger, 1872-1876, the Gazelle, 1874^-1876, the Dis 
<overy and Gauss, 1902-1904:, but they covered only a aery minute por 
tion of the whole ocean, and most of them were old and lacking m 
accuracy 

Fiom experience gamed with the vessels of the Coast and Geo 
detic Survey, Bauer had satisfied himself of the feasibility of mak 
mg magnetic observations at sea with nearly the same accuracy as 
on land if a suitable vessel could be obtained His plan for the 
world survey, therefore, included as one of its principal features a 
magnetic survey of the ocean areas by means of a nonmagnetic ves 
sel This work at sea was carried on successfully from 1905 to 1921, 
first on a chartered sailing vessel, the Galilee, and later on the Ca/r 
negie, a sailing vessel with auxiliary steam power, built for the pur 
pose, so nearly free of magnetic material as to practically eliminate 
the need of taking account of deviation corrections 

While this work at sea was carried on primarily for scientific pui 
poses, it had great immediate practical value in that it provided the 
means for correcting the existing world magnetic charts, which were 
found to be seriously in error in some places because of the msuffi 
cient data on which they were based 

At the same time that the work at sea was m progress magnetic? 
observers have been sent to nearly all accessible regions where mag 
netic surveys were not being made under other auspices, and to some 
regions usually thought of as inaccessible Asia, Africa, South 
America, Central America, and Mexico have all been the field of 
these far reaching opei ations In some cases one season’s work by 
an observer of the Department of Terrestrial Magnetism of the Car 
negie Institution of Washington was sufficient to stimulate local 
interest to a point where means were provided for continuing the 
work under local auspices 

As a lesult of the general interest aroused, the making of magnetic 
observations became recognized as an important part of the work of 
an exploring expedition, and m this way much data has been secured 
m regions which would not ordinarily be reached This is particu 
larly true of the polar regions The Ziegler expedition to Teplitz 
Bay m 1903 and 1904, Amundsen’s work m the vicinity of the mag- 
netic North Pole in 1901-1906, and along the north coast of Siberia 
m 1918-1921, and the work of MacMillan’s two expeditions served 
to reduce matenally the size of the magnetically unexplored region 
around the North Pole, while the various south polar expeditions, 
Goiman, French, British, and Australasian, between 1902 and 1912, 
supplied a large amount of valuable information regarding mag 
netic conditions on the borders of the Antarctic Continent and 
served to locate the position of the south magnetic pole within 
nairow limits 

As a result of this general activity there has been executed during 
the past 25 years a world magnetic survey Covering practically the 
whole surface of the eaith between latitude 70° N and 60° S, 
supplemented by the work m the polar regions referred to above 
Improved methods and instruments have added materially to the 
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accuracy of the results, and international comparisons of mstru 
meats have insured a greater homogeneity 

Practically all of the results of these various magnetic surveys 
have been published m detail m one form or another by the orgam 
zation doing the work Those of the Department of Terrestrial 
Magne tism of the Carnegie Institution of Washington aie contained 
in four volumes of Publication No 175 of that institution, covenng 
the work on land to 1920 and the work at sea to 1916 Since 1901 
the Coast and Geodetic Survey has published the results of its 
mag netic field work annually Special Publication No 44, United 
States Magnetic Tables and Magnetic Charts for 1915, contains the 
collected results of all observations made up to 1915, together with 
corresponding reduced values for January 1, 1915, and isomagnetiQ 
charts for that date Similar data for Alaska are contained m 
Special Publication No 63 

FIELD INSTRUMENTS AND METHODS 

While for most practical purposes it is sufficient to know about 
the magnetic decimation — the variation of compass, as the navigator 
calls it — the determination of the other magnetic elements, dip and 
intensity, adds comparatively little to the time required for the 
occupation of a magnetic station, and without a knowledge of all 
three little progress can he made m a scientific study of the phe- 
nomenon of the earth's magnetism, its origin, why it changes, how it 
is related to other phenomena, etc Therefore practically all model o. 
magnetic surveys have provided for the determination of the dip 
and intensity as well as the declination 

Decimation and horizontal intensity observations are usually made 
with the same instrument, a magnetometer, of which one type is 
shown m Figure 10 A hollow cylindrical magnet hangs in a hon- 
zontal position in a stirrup supported bv a silk fiber or fine metal 
ribbon One end of the magnet is closed by a piece of plane glass 
on which two lines at right angles are engraved. The other end is 
closed by a lens which makes it possible to point on the intersection 
of the lines with the reading telescope when the latter has been 
focused for distant objects A scale in the reading telescope per- 
mits direct observation of small motions of the magnet, and the 
whole instrument is mounted on the base of a theodolite with a hon- 
zontal circle on which may be read the angle between different 
pointings with the telescope 

The magnetic decimation at any place is the angle between the 
true meridian and the magnetic meridian at that place The true 
meridian may be determined by observations of the sun or Polaris 
Sometimes a true meridian line is marked on the ground by tv>o 
monuments, hut it is always more convenient to determine first the 
true bearing of some well defined prominent object, nearly m the 
horizon This is done by measuimg the horizontal angle between 
the sun and the selected object and then computing the true bearing 
of the sun at the time of observation 

The direction of the magnetic meridian is given by the suspended 
magnet, and the angle between that direction and the direction to 
the mark is the magnetic bearing of the mark Finally, the differ- 
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ence between the magnetic healing of the maik and the tme bearing 
s the magnetic decimation 

Sometimes, when a magnetometei is not available, the decimation 
n del ei named fry me m 0 of a special form of compass called a com- 
pos dcclmometei, shown m Figuie 11, in which a compass needle 
is mounted m a lectangulai box with graduated axes at the ends 
Peep sights aie piomded foi pointing on the object used as a mark 
md the ingle between the maik and the needle is read off on the 
hoi i/ontal c uele of the instrument "With the compass declmometei 
it is necessiiy to deteimme and allow foi the index corxection of the 
m c die, just is m the c ist of the oiclmiry surveyor’s compass, though 
the amount is usually sn all 

hoi the dctei munition of the non/ontil intensity two opeiutions 
m icqimed, called oscillations and deflections When the magnet 
I 1 - suspended is loi the determination of decimation and is green a 
slight impulse the cross line on the glass m the end of the magnet 
will be seen to ^wma fust to one side md then to the other of the 
position 4>f lest, like a horizontal pendulum The time of oscillation 
depends upon (1) the dimensions and mass of the magnet, (2) upon 
the mignetic moment of the magnet, and (3) upon the horizontal 
intensity of the e nth’s mignetic field An increase m eithei (2) oi 
( >) will e uise i decrease m the time of oscillation 
Foi deflection obsoivitions the magnetometer is provided with a 
bai pined it right ingles to the line of sight of the leading tele 
scope, on which the magnet used dui mg oscillations is placed as a 
deflect oi while i shoitei magnet is suspended m the stiriup The 
suspended in ignet will be turned out of the magnetic meridian by 
m unount depending upon the xelitnc strength of the deflecting 
m ignit md (lie horizontal intensity This operation thus serves to 
deteimme the latio of the magnetic moment of the magnet and the 
horizontal intensity while the oscillations give the product of the 
^ mic two quantities Ihtn fiom the time of one oscillation of the 
magnet and the angle through which the auxiliary magnet has been 
defluhd combined with i numbei of constant factors, both the 
hoi l/ont d intensity and the magnetic moment of the magnet may be 
t ompute d 

Undo cert tin conditions it is inconvenient or impossible to use 
the ibove method, is m the vicinity oi the magnetic pole, wheie the 
lion/ontil intensity becomes veiy small, or on shipboaid, where 
iccmite oscillition observitions axe impossible on account of the 
motion of the ship In such cases use may be made of the method 
do ist (1 by Hi E Lloyd to deteimme the total intensity by means 
ol i dip aide The method involves two operitxons, during both of 
which the dip circle is placed so that the suspended needle swings 
m the pi me of the magnetic meiidnn Fust, the measuie of the 
ingle oi inclination with a needle having i weight in the south end 
(m noi Ih mignetic Ltitudcs) second, the measure of the angle 
through which i second needle is deflected by the loaded needle, 
when the litter is placed if light ingles to it m the place provided 
foi the purpose between (he u idmo* micioscopcs In the first case 
the earth’s m ignetism acting on the loaded (intensity) needle is 
opposed to the foicc of giavity acting on the weight In the second 
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case the force exerted by the intensity needle on the suspended needle 
is opposed to the earth’s magnetism 

The dip is usually measured m the field by means of a dip ciicle ? 
shown m Figure 12, m which a magnetized needle is supported so 
as to be free to lotate about a horizontal axis A steel axle through 
the center of gravity of the needle terminates m finely ground pivots 
which rest on agate knife-edges The angle of dip is measured on 
a graduated circle concentric with the axle of the needle In oidei 
to measure the angle of dip directly the needle must swing m the 
plane of the magnetic meridian 

Another instrument, called an earth inductor, which has been m 
use at fixed observatories for measuring the dip for many years, has 
recently been adapted for use in the field This instrument (fig 13) 
has a coil of copper wire wound on a cylindrical core An axis m 
prolongation of a central diameter of the core rests m bearings m a 
ring, m such a way that the core may be rotated by means of a piece 
of flexible shafting The ring has an axis at right angles to the 
axis of the coil, which is supported m a horizontal position on bear- 
ings m uprights attached to the alidade Attached to the ring is a 
graduated vertical circle, at right angles to the axis of the ring, by 
means of which the inclination of the axis of the coil may be meas 
aired The operation of the earth inductor is based on the fact that 
when a coil of wire is rotated m a magnetic field, a current of elec- 
tricity is induced m the wire unless the axis of the coil is parallel to 
the lines of force of the field The operation of the instrument con- 
sists m placing the axis of the coil m the plane of the magnetic mend 
lan and then changing the inclination of the axis of the coil until a 
position is found \tfhere no current is induced when the coil is ro- 
tated The angle of inclination of the coil as measured on the ver- 
tical circle is the angle of dip The presence or absence of a cui 
rent is indicated by a galvanometer connected with the coil by suit- 
able wiring, brushes, and a commutator 

Special instruments have been devised foi observations at sea 
On account of the instability of the ship as an observing platform 
the mstruments must be mounted m gimbals so that they will remain 
approximately level m spite of the motion of the ship A mag- 
netometer with fiber suspension can not be used A dip circle with 
needle supported m agate cups is used m place of one with agate 
knife edges for supports and the method or rotating the coil of the 
earth inductor has been modified The standard compass is used 
for decimation observations and an attachment has been devised so 
that a deflector can be placed above the compass for determining 
the horizontal intensity 

For more detailed information regardmg instruments and meth 
ods of observing the reader is referred to Directions for Magnetic 
Measurements, Serial No 166 of the publications of the United 
States Coast and Geodetic Survey 

MAGNETIC CHARTS 

Practically all of the results of these vanous magnetic surveys 
have been published m one form or another by the organization 
doing the work The details are usually given m tabular form, 
but it is more convenient for many pm poses to have a graphical 
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lepiesenlation of the general features and this is obtained by means 
of lsomagnetic chaits, that is, maps on which lines are drawn 
thiough the places having the same magnetic decimation, the same 
dip, or the same horizontal intensity The chart showing the lines 
of equal magnetic decimation is called an isogomc chart and this 
is the one for which there is most demand 

For a limited area or wheie only scattering results are available 
it is possible to derive an empirical foimula expressing the declma 
tion (or other element) m terms of the latitude and longitude, rep 
lesentmg a umfoim distribution over the area m question With 
increase m the number of stations it is at once seen that uniformity 
of distribution is exceptional and that the presence of local disturb 
ances is the rule A more satisfactory representation of the ob 



served facts can then be secured by plotting the reduced values on 
a map and drawing the isomagnetic tines to conform to the plotted 
values In some regions it is impossible to represent the large local 
disturbances by continuous lines, but a distui bed area of limited 
extent may be represented by a small closed curve and isolated 
abnormal values can be given on the chart 
In the case of declination it is usual to draw the isogomc lines 
differing by 1° In general, however, there are very few reduced 
values which are exactly the amount selected for a particular line — 
for example, there are very few stations at which the reduced decli 
nation is exactly 6° E — so that the location of a line must depend 
largely upon interpolation between values a little laiger and a little 
smaller than the selected amount 
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The earliest magnetic charts are probably two constructed by Ed 
mund Halley at the beginning of the eighteenth century One pub 
lished m 1701 gave the lines of equal magnetic variation (declina 



tion) over the Atlantic Ocean, based upon Halley’s observations 
made between 1698 and 1701 on the ship Paramour Pmh , at the 
wrnense of the British Government. The other tfkr. 14 'L nrobablv 
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published a year later, gave the lines of equal variation over the 
Indian Ocean and the extieme western part of the Pacific as well 
as over the Atlantic 



Such charts are mdispensible for the navigator, and the hydro 
graphic offices of the leading maritime nations lsstae at regular m 
tervals magnetic charts showing the lines of equal magnetic decli 


jvjq. Lmes of equal magnetic inclination for 1925 (Prom U S H O Chart 170*0) 
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union, equil clip md ajual lio i/o 1 i 1 mtcn it> jiinuil> ioi the 
ocean areas Flames l r > and lb show mg tlic lines of equil cleclma 
tion and equal clip foi 1925 aic fiom charts issued by the United 
States Hydrographic Office The points wheie obsei a ations have 
been made at sea aie n till fai a^iair is a mle and only a general 
idea of the distnbution is piesented h\ the smooth emves 

Maps ha\e been piepared showing the lines of equal magnetic 
decimation m the polai regions but the nunibei of obscurations is 
so limited that the lines aie ne( ess inly conjectural foi a laige part 
of the legion within 20° of the Noilh Pole aid 10° of the South 
Pole except foi the ficis tint ill the lines pass through the geo 
graphic poles md tint they all comer c lo tin mgnetic poles 

In Yin Bemmdui s T)ie Ain eicniing dei Mignct Nadel, published 
at Batana, Till, m 1S99, Ihcic i an extensive collection oi c iilf 
rallies of the magnetic decimation and i senes of isogonic elm is foi 
the years 1500, 1550, IbOO, li>50, and 1700 The one loi 1500 is 
shown m Figure 5 Although these eaily chaits aie necessanlv only 
rough approximations because ol the limited numbci ol observations 
available, they nevertheless give a general idea of the change of 
the distnbution of the magnetic ckchintion oui the o uth’s suilace 
fiom century to centmy 

The United States Coast and Geodetic Suney has published mag 
netic chaits of tne United States at xegulu mteivals smec 1850 The 
last complete set was ioi 1915, m connection with Special Pub 
lication No 44 An isogonic chut of the ITnitcd Stiles foi 1920 
was published with Specnl Publication No 90, Magnclu Declma 
tion m the United States for January 1, 1920 One ioi 1925 is to 
be issued m 192b 1 Ins bureau has also published magnetic chaits 

of Alaska, the West Indies, and the Philippines 

LOCAL DI81 URRANCES 

While the lines on the world magnetic charts appear as smooth 
curves, the isogonic cli uts of land aie is which have been surveyed m 
detail, such as the 1920 chart of the United States, ue char actcii/ec! 
by ex ooked hues Even then they do not fully r c pi esent the n i egul u 
distribution oi decimation over the countiy In genei il it is louncl 
that when observations aie made at additional stations m any region 
additional n regularities are der eloped These aie usually refer red 
to as local disturbances, as contrasted with depirturcs from legal u 
distnbution which ue regional oi continental m extent In nnny 
cases values of decimation differing by 1° ue observed at places 
within 2 oi 3 miles of each othei, aid occasionally much larger diffci 
cnees are obser\ed, particularly in the vicinity of deposits of mag 
netic non oie In a small area near Juneau, Alaska, values oi 
decimation ranging from 175° W to 170° E were obser ed where 
about 31° 30' E would be expected, and at one spot the dip w is 
S9° 59 4 ', md the compass needle lost its directive property, so tint 
the decimation was indeterminate Here the disturbing mite ml 
w »s evidently quite near the surface and limited m extent, as the 
effect disappeared within a few miles of the point of maximum 
distil ib rnce 44 Po*t Snettisham, Alaska, there is an area oi mrikcA 
Jocil distil* binet which extends beyond the land nearly icross the 
ucliacent deep inlet. In the Province of Kursk, Russia, there is a 
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notable region of local distui banco extending for about 200 kilo 
meteis m a noitliwest southeast dnection In Sweden the observed 
lriegulanties m the distribution of the eaith’s magnetism are used 
to develop the distribution of the magnetic non ore which causes 
them 

MAGNETIC POLES 

I he points on the e nth’s surface wheie the dipping needle stands 
\ citical aie usuilly referred to as the magnetic poles Excluding 
lot d mxgnelic poles, which occur m legions of extraordinary local 
distui bailees with large masses ol attracting matenal near the sui 
-face, theie are two such points, one m the Northern Hemisphere and 
the other in the Southern Hemisphere, but not diametucally oppo 
site to each other At these points all of the cai til’s magnetic force 
acts vertically downwaid, and there is no component m the hon 
zonlal plane to hold the compass needle m a definite direction, so 
that it can no longer be used as a guide The dip changes very 
slowly m the vic inity of the magnetic pole, consequently the condi 
tion of vertical dip needle applies to a region of considerable extent, 
when the accuracy attainable in dip measurements undei field condr 
tions is considered Outside of this region there will be a very weak 
force acting on the compass needle, and the dnection of the pole will 
be indicated Only by a magnetic survey of i coiteidei able irea can 
the position of the magnetic poles be located with accuracy If there 
should be magnetic material m the region the pioblem would be ren 
dered all the more difficult 

In Tune, 1881, Capt 7 unes Clark Ross found that the dip was 89° 
59' 5 it a place on Boothu bchx m latitude 70° 05' 17" N and 
longitude %° 45' 4-8" IV of Greenwich, uid this was taken as the 
position of the magnetic north pole until lecentlv Magnetic obsei 
rations were made in tint region by the c pedition of Capt Roald 
Amundsen, of Norway, between 1008 uid 1006, and although they 
did not actually obsei ve i dip of 90° they were able to estimate 
the position of the magnetic pole from their observations, placing 
it about m latitude 71° N and lemgitude 06° W of Gieenwich It 
should not be issumed, how ecu, tint the diffcience between this 
position and the one determined by Ross le presents the change m 
the position of the pole m the mteival between 1881 and 1904 
Both ol the detennm itions lie only ipproxim itions, and whifi 
theie is eveiy icison to believe tint the position of the m rgnetic 
poles is changing, the amount may haw been more or less thin 
indicated abeivc 

The south magnetic pole lias not yet been i cached From Ross’s 
observations made in the Antaie tie legions while in command of 
the ship hrebw, Dupeney deduced the position of 75° S and 188° 
E of Greenwich The ne ircst appioae h to the south magnetic pole 
was made by Ross on Iwbmaiy 16, 1811, m latitude 76° 20' S and 
longitude 165° 82' lx , the dip at this place being 88° 85' The Brit 
ish expedition under Ciptam Scott on the Dncov&rtj, 1902-4, made 
a large number of obsen itions at the winter quail ers and on various 
sledging expeditions, is well as on the Discover )/ before she was 
frozen m \ discussion oi ill oi the declinations observation gave 
the piobable position oi the magnetic pole 72° 50' S and 156° 20' E 



36 


U S COAST AND GEODETIC SURVEY 


and of the dip observations the position 72° 52' S and 156° 30' E , 
a remarkably close agreement Douglas Mawson, of Shackleton’s 
party, endeavored to reach the magnetic pole and actually observed 
a dip of 89° 48' m January, 1909 By comparing this with the 
results of his previous observations he estimated the position of the 
pole as 72° 25' S and 155° 16' E Enc N Webb, of the Australian 
Antarctic expedition, made a large number of magnetic observation^, 
on the opposite side of the pole from Mawson, and on December 21, 
1911, reached a point (70° 36' S and 118° 12' E ), which he believed 
to be on the edge of the polar aiea His observations, however, mdi 
cate an irregular distribution of magnetism, and one is theiefore 
inclined to place moie reliance on the Discovery and Mawson results 

It must not be forgotten that the points on the earth’s surface 
teimed “magnetic poles” are not to be thought of as comparable 
with the poles of a bar magnet The earth acts like a spherical 
magnet, and a bar magnet within the earth which would produce 
the magnetic effects observed at the surface would have its poles 
practically coincident Kraft and Biot found that the nearer to 
each other they assumed the poles of a fictitious bar magnet at the 
center of the earth, the closer the agreement between their computed 
results and the observed facts, so that the “equivalent magnetic 
poles ” of a spherical magnet are practically the same distance from 
all points on the surface 

The earth’s magnetic poles aie not even the points of maximum 
ma gnetic intensity In the Northern Hemispheie there are two 
regions of maximum magnetic intensity, the stiongei one being m 
Canada m about latitude 52° and longitude 92° Theie are also 
two such legions m the Southern Hemispheie 

MAGNFTIC OBSERVATORIES 

The fact that the earth’s magnetism is constantly changing m 
direction and strength makes it necessary to supplement magnetic 
surveys, giving the distribution of the earth’s magnetism at a pax 
ticular time, by othei observations to determine the changes which 
are taking place with lapse of time Fortunately it has been found 
that these time changes vary so slowly and regulaily m going from 
place to place that for most practical purposes the deteimmation 
of the changes at a limited number of well distributed stations by 
means of repeated observations gives sufficient data for finding the 
changes at intermediate stations Accoidmgly about 5 per cent of 
the magnetic stations m the United States are reoccupied about 
once m five years Foi many purposes, however, more detailed m 
formation regarding the time changes is needed, and this is secured 
by the operation of magnetic observatories 

This need was clearly recognized from the time of Gauss and the 
number of observatories established then has been added to gradu 
ally until there are now about 50 in operation Nearly 50 per cent 
of them are m Europe but the rest are widely distributed — m Egypt, 
Mauritius, India, Java, China, Japan, Siberia, Philippines, Aus 
tralia, New Zealand, Samoa, Hawaii, Argentina, Peru, Alaska, 
Canada, United States, Porto Rico The first observatory m the 
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^ ted mu tat T WAS at Guai ,<! Colle S e > Philadelphia, from 1841 to 
1845 The observatory established at Toionto, Canada, m 1842, is 
still m operation, though the site had to be changed in 1899 because 
of electric railway disturbance The United States Coast and Geo 
detic Survey now maintains observatories at Cheltenham Md 
island of Porto Rico, Tucson, Anz , Sitka, Alaska, and near Hono’ 
lulu, Hawaii The observatory at Sitka is not far from the site of 
the one operated b ythe Russians from 1842 to 1867 The Depart 
ment of Terrestrial Magnetism of the Carnegie Institution of Wash 
mgton is operating observatories at Watheroo, Australia, and Huan 
cayo, Peru 

For the operation of a magnetic observatory there are required 
a variation building, m which the variation instruments are 
mounted, and an absolute building, m which the absolute observa 
tions are made In their construction great care is exercised to 
exclude all material that might possibly have a disturbing effect on 
the magnets and m their subsequent use the same care must be exer 
cised The variation building is designed to reduce to a small limit 
the lange of temperature inside, not more than a few tenths of a 
degree m the course of a day Those of the Coast and Geodetic 
Survey are all aboveground and built of wood and the desired m 
sulation is secured by suitable air spaces and spaces filled with 
sawdust on all sides of the instrument room, varied at different 
stations according to the daily range of temperature outside the 
building 

The variations m decimation, horizontal intensity and vertical m 
tensity are recorded photographically by means of three variometers 
and a recording apparatus Light from a lamp, reflected from a 
minor attached to the suspended magnet of a variometer, traces an 
li regular line (curve) on a sheet of photographic paper (magneto 
giam) wrapped around a revolving drum of the recording appara 
tus The reflection fiom a fixed mirror traces a straight line (base 
line) on the magnetogram, and the variation in the distance between 
the cuive and the base line is a measuie of the variation m the 
dnection of tho suspended magnet produced by a change m the 
earth’s magnetism 

One variometer is mounted with its magnet m the magnetic mer 
ldian, and the direction of the magnet changes as the dechnation 
changes In another the magnet is suspended with its axis at right 
angles to the magnetic mendian, and a change m its direction cor 
responds to a change m the horizontal intensity In the third the 
magnet lotates about a horizontal axis, like a dip needle, but it is 
idjusted to he approximately m the horizontal plane, so that a vana 
tion m its inclination to the horizon coi responds to a variation in 
the vertical intensity Each of the observatories of the Coast and 
Geodetic Survey is equipped with a magnetograph m which very 
small magnets are used, so that it is possible to have the variometers 
quite near to each other without appreciable interaction They are 
mounted m a row, magnetically east and west, and all three record 
on the same magnetogrim The dium of the recording apparatus 
revolves once m 24 hours, a space of about 2 Cm being passed over 
m an hour At hourly intervals a system of shutters is raised by 
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means of a cam attached to a gear wheel and after the lapse of a 
minute or two is allowed to drop back to its former position The 
shutters are so adjusted that when raised they prevent the light from 
the fixed mirrors from reaching the magnetogram and thus produce 
a short break m each base line 

The variation instruments are controlled by absolute observations 
made at regular intervals with instruments similar to those used m 
field work and by smtable determinations of the instrumental con 
stants They must be kept very sensitive so that they will record 
small changes as well as large ones and an observatory must there 
fore be well removed from all sources of artificial disturbance, par 
ticularly electric railways There have been many cases where it 
became necessary to move an observatory to a new site because of the 
construction of electric railways m the vicinity and an electric rail 
way running out from the District of Columbia has an appreciable 
effect on the instruments at the Cheltenham observatory even at a 
distance of more than 12 miles 

For the same reason any one entering the variation building must 
be careful first to divest himself of all articles of iron or steel, such 
as knives and keys The sole of a shoe may contain a piece of steel 
sufficient to produce an appreciable effect on the sensitive magnets of 
the variometers 

Before photography had been developed to the point where it 
could be used to secure a continuous record of the movements of the 
magnets of the variometers, telescopes and scales were provided and 
eye readings were taken at regular intervals, usually once an hour, 
throughout the day 

SECULAR CHANGE 

Gellibrand’s discovery that the decimation at a place does not re 
mam constant was later found to be true of the dip and intensity 
With lapse of time it was seen that the change does not go on mdefi 
mtely m one direction, eventually a turning point is reached At 
London, for example, the decimation was nearly 11° E m 1580 The 
north end of the needle then began to move to the westward and m 
1810 had reached a westerly extreme of over 24° W Since then the 
motion has been toward the east and the decimation is now (1925) 
only about 13° W Similar changes are shown by the results of ob 
servations at Paris and Rome In the United States our observations 
do not go back so far nor do they show so great a range , however, at 
Boston, Mass , the decimation decreased from over 11° W m 1670 
to less than 7° W m 1785 and since then has been increasing until it 
is now over 14° W , and this is typical of the northeastern part of the 
country The changes of decimation at a number of typical stations 
are shown m the following table and m Figure 19 The quantities 
m the^ table are not actual observed values but are derived by the 
method of least squares from results scattered irregularly o\er the 
period covered by the table The curves are graphical representa 
tions of the tabular quantities Further details of the secular 
change of the magnetic decimation m the United States will be 
found m Special Publication No 90 
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Secular change %n the magnetic decimation at various places 


Place 

London 

England 

Bastport 

Me 

Habana 

Cuba 

San Fran 
cisco 
Calif 

Manila 

P I 

Callao 

Peru 

Rio do 
Janeiro 
Brazil 

Cape 

Town 

South 

Africa 

Latitude 

51 28 N 

44 55 N 

23 07 N 

37 48 N 

14 36 N 

12 04 S 

22 54 rs 

33 56 S 

Longitude 

0 19 W 

67 00 W 

82 22 W 

122 27 W 

i 

120 58 E 

77 08 W 

43 10 W 

18 29 E 

1540 

7 2 E 








1560 

9 6 E 








1580 

10 9 E 








1600 

10 IE 







„ 1 0E 

1620 

7 3 E 

19 0W 






1 1 5 W 

1640 

3 3 E 

18 5 W 






4 OW 

1660 

0 6 W 

17 5 W 





12 IE 

6 4 W 

1680 

3 9 W 

16 0W 





11 8 E 

8 9 W 

1700 

7 1W 

14. 5 W 





11 3 E 

11 5 W 

1720 

HOW 

13 1W 

4 0E 



6 7 L 

10 6 E 

HOW 

1740 

15 3 W 

12 4 W 

5 0E 



7 7 E 

9 7 E 

16 8 W 

1760 

19 6 W 

12 2 W 

5 8 E 


0 1W 

8 6 E 

8 5 E 

19 4 W 

1780 

22 7 W 

12 4 W 

6 3 E 

12 6 E 

0 0 

9 4 E 

7 IE 

22 2 W 

1800 

24 1W 

13 2 W 

6 5 E 

13 6 E 

0 IE 

10 0E 

5 5 E 

25 0W 

1820 

24 1W 

14. 7 W 

6 3 E 

14. 6 E 

0 2 E 

10 4 E 

3 5 E 

27 1W 

1840 

23 2 W 

16 3 W 

6 0E 

15 4 E 

0 3E 

10 6 E 

1 2 E 

29 0W 

1860 

21 5 W 

18 0W 

5 2 E 

16 IE 

0 5 E 

10 5 E 

1 5 W 

30 0W 

1880 

18. 7 W 

18 8 W 

40E 

16 5 E 

0 7 E 

10 3 E 

4 4 W 

29 8 W 

1900 

16 5 W 

19 3 W 

3 IE 

16 9 E 

0 9E 

9 9 E 

7 7 W 

28 6 W 

1910 

15 7 W 

20 0W 

3 0E 

17 6 E 

0 8 E 

9 2 E 

9 5 W 

27 5 W 

1920 

14 1W 

20 8 W 

3 4 E 

17 9 E 

0 7 E 

8 5 E 

11 2 W 

26 1W 


The importance of this change to the land surveyor may be real 
lzed when it is considered that a line 1,000 feet long run due north 
by compass m Boston in 1925 would have its north end 125 feet 
farther west than a line from the same starting point run due north 
by compass m TT85 

From an inspection of the tabular quantities it will be seen that 
the rate of change is not uniform At the time of a maximum or 
minimum there is practically no change for several years Then the 
annual change gradually increases to a maximum and then decreases 
to zero at the next turning point Even for a decade the rate of 
change is not uniform, as will be seen from an examination of the 
following table, giving the annual values of decimation at a number 
of magnetic obseivatones 


Change of decimation at observatories 


Year 

Greenwich 

England 

Vieques 

P R 

Chelten 
ham Md 

Toronto 

Canada 

Tucson 

Am 

i 

Sitka 

Alaska 

Honolulu 

Hawaii 

1905 

16 

09 

9 W 

1 

38 

3 W 

5 

17 

8 W 

5 

42 

2 W 




29 

59 

IE 

9 

21 

7 

E 

1906 

16 

03 

6 W 

1 

45 

9 W 

5 

21 

5 W 

5 

44 

8 W 




30 

03 

OF 

9 

23 

0 

r 

1907 

15 

59 

8 W 

1 

53 

7 W 

5 

26 

0 w 

5 

50 

6 W 




30 

07 

IE 

9 

24 3 

E 

1908 

15 

53 

5 W 

2 

02 

5 W 

5 

31 

1 w 

5 

54. 

0 W 




30 

10 

7 E 

9 

25 

7 

F 

1909 

15 

47 

6 W 

2 

11 

7 W 

5 

36 

4 W 

5 

59 

4 W 




30 

13 

IE 

9 

27 

3 

E 

1910 

15 

41 

2 W 

2 

20 

6 W 

5 

41 

4 W 

6 

03 

9 W 

13 

25 

8 E 

30 

16 

4 E 

9 

29 

7 

E 

1911 

15 

33 

0 W 

2 

29 

9 W 

5 

45 

6 W 

6 

09 

0 W 

13 

29 

7 E 

30 

19 

IE 

9 

32 

2 

F 

1912 

15 

24 

3 W 

2 

39 

0 W 

5 

50 

OW 

6 

13 

7 W 

13 

33 

5 E 

30 

20 

9 E 

9 

34 

8 

E 

1913 

15 

15 

2 W 

2 

49 

6 W 

5 

54 

6 W 

6 

18 

4 W 

13 

37 

0E 

30 

22 

0E 

9 

37 

3 

E 

1914 

15 

06 

3 W 

3 

00 

4 W 

5 

59 

8 W 

6 

23 

8 W 

13 

39 

9 E 

30 

22 

9 E 

9 

39 

6 

E 

1915 

34 

56 

5 W 

3 

10 

1 W 

6 

04 

0W 

6 

28 

5 W 

13 

42 

5 E 

30 

23 

2 E 

9 

41 

6 

F 

1916 

14 

46 

9 W 

3 

19 

2 W 

6 

07 

7W 

6 

33 

4 W 

13 

44 

4 E 

30 

23 

9 E 

9 

43 

9 

r 

1917 

14 

37 

OW 

3 

27 

OW 

6 

10 

4 W 

6 

36 

2 W 

13 

46 

IE 

30 

24 

7 E 

9 

46 

3 

I 

1918 

14 

27 

2 W 

3 

34 

0 w 

6 

12 

4 W 

6 

38 

3 W 

13 

47 

IE 

30 

24 

9 E 

9 

48 

6 

E 

1919 

14 

18 

2 W 

3 

39 

9 W 

6 

15 

0W 

6 

41 

0 W 

13 

47 

8 E 

30 

26 

7 E 

9 

50 

8 

E 

19 9 0 

14 

08 

6 W 

3 

46 

1W 

6 

18 

5 W 

6 

45 

4 W 

13 

48 

0E 

30 

28 

2 E 

9 

53 

2 

F 

1921 

13 

57 

6 W 

3 

53 

3 W 

6 

22 

4 W 

6 

50 

6 W 

13 

47 

8 F 

30 

28 

7 E 

9 

55 

3 

E 

1922 

13 

46 

7 W 

4 

00 

9 W 

6 

27 

7 W 

6 

56 

2 W 

13 

47 

6 F 

30 

29 

2 E 

9 

57 

1 

E 

19°3 

13 

35 

1 W 

4 

08 

3 W 

6 

32 

OW 

7 

00 

9 W 

13 

47 

3 F 

30 

28 

9 E 

9 

58 

9 

E 

19 4 




4 

lo 

5 W 

6 

35 

8 W 




13 

46 

4 E 

30 

28 

7 E 

10 

00 

2 

F 
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THE EARTH’S MAGNETISM 

The secular change of dip so far as it has been developed is of the 
same general character as for the magnetic decimation From 
Norman’s value of 71° 50' in 1576 the dip at London increased to 
about 74° 30' m 1700, and since then has been decreasing until it is 
now less than 67° The earliest determination of the dip m the 
United States was made by Capt Othniel Beal at Boston m 1722, 
68° 22' From that time it increased to over 74° m 1860, then de 
creased to 73° m 1905, and then began to increase ag ain 

There are no absolute intensity results prior to 1830 and not many 
before 1850, but the general indications are that theie has been a 
decrease m the intensity of the earth’s magnetism since that timp. 
In the United States the total intensity was apparently increasing 
from 1840 to 1860, but since then it has been decreasing It will be 
seen from the following tables that the rates of change of dip and 
intensity are also quite h regular 


Change of dip at obset vatones 


Year 

Greenwich 

England 

Vieques 

P R 

Ohelten 
ham Md 

Toronto 

Canada 

Tucson 

Ariz 

Sitka 

Alaska 

Honolulu 
| Hawaii 

1905 

66 

65 

9 

49 

17 

0 

70 

25 

4 

74 

34 

3 




74 

43 

2 

40 

05 

0 

1906 

66 

55 

3 

49 

22 

1 

70 

26 

9 

74 

35 

0 

■4 



74 

41 

0 

40 

02 

8 

1907 

66 

66 

1 

49 

29 

3 

70 

29 

0 

74 

36 

4 




74 

38 

4 

39 

59 

1 

1908 

66 

56 

3 

49 

36 

3 

70 

30 

5 

74 

36 

9 




74 

36 

5 

39 

55 

3 

1909 

66 

54 

0 

49 

44 

1 

70 

32 

8 

74 

37 

5 




74 

34 

6 

39 

51 

4 

1910 ^ 

66 

52 

6 

49 

52 

0 

70 

35 

4 

74 

38 

5 

59 

19 

6 

74 

32. 

2 

39 

47 

2 

1911 

66 

52 

1 

50 

00 

4 

70 

37 

4 

74 

39 

1 

59 

19 

9 

74 

30 

4 

39 

42 

2 

1912 

66 

51 

8 

50 

09 

0 

70 

39 

1 

74 

39 

8 

59 

20 

3 

74 

28 

8 

39 

38 

4 

1913 
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66 
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8 

59 

23 

1 

74 

26 

6 

39 

30 

4 

1916 

66 

51 

8 

50 

45 

9 

70 

46 

8 

74 

42 

9 

59 

24. 

7 

74 

26 

5 

39 

29 

1 

1916 

66 

52 

8 

50 

55 

5 

70 

49 

6 

74 

43 

5 

59 

26 

1 

74 

25 

6 

39 

28 

5 

1917 

60 
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6 

51 
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70 

51 

5 

74 
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26 

4 

74 
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8 

39 

27 

1 
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59 
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5 

74 

23 
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39 
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7 
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66 
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39 
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39 
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1 
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6 
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39 
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9 

51 
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70 
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74 
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Change of dotal intensity at observatories 


Year 

Green 

wich 

England 

Vieques 

P R. 

Chelten 

ham 

Md 

Toronto 

Canada 

Tucson 

Ariz 

Sitka 

Alaska 

Hono 

lulu 

Hawau 


7 

y 

7 

7 

7 

7 

7 

1905 

47274 

44795 

59878 

61730 


58797 

38168 

1906 

47256 

44799 

59832 

61680 


58727 

38124 

1907 

47304 

44806 

59781 

61662 


58631 

38073 

1908 

47298 

44782 

59710 

61602 


58576 

38021 

1909 v 

47218 

44755 

69642 

61473 


68512 

37957 

1910 

47240 

44734 

59596 

61421 

53669 

58426 

37910 

1911 

47217 

44716 

59512 

61219 

53606 

58362 

37837 

1912 

47205 

44692 

59407 

61166 

53539 

58300 

37783 

1913 

47125 

44702 

59253 

61053 

53469 

58256 

37704 

1914 

47126 

44712 

59127 

60923 

53388 

58187 

37645 

1915 

47103 

44710 

58982 

60795 

53295 

58138 

37581 

1916 

47100 

44672 

68891 

60682 

53218 

58055 

37525 

1917 

47082 

44640 

58782 

60586 

53145 

57999 

37473 

1918 

47064 

44644 

58693 

60497 

*63072 

57925 i 

37431 

1919 

47015 

44626 

58595 

60396 

53001 

57884 

37378 

1920 

47022 

44582 

58498 

60291 

52957 

57800 

37341 

1921 

46991 

44569 

58401 

60186 

52899 

57816 

37306 

1922 

46952 

44538 

58305 

60078 

52855 

57766 

37267 

1923 

46904 

44514 

58198 

59964 

52760 

57707 

37233 

1924 

* > J 


44479 

58101 


52682 

57654 

37204 
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At one time it seemed probable that the secular change of the 
eaith’s magnetism was periodic in character and that after observa 
tions had been made for a sufficient length of time (at least several 
centuries) it would be possible to predict in a general way futuie 
changes With the accumulation of more data, however, the phenom 
enon is seen to be more irregular and complicated than was at first 
thought and the prospect of predicting what changes may be ex 
peoted m the future on the basis of what has taken place m the past 
has become more remote 

MAGNETIC STORMS 

The changes from year to year shown in the above tables are not 
laige, and the changes from day to day are as a rule correspondingly 
small, when the average value for one day is compared with the 
average value for another The magnetic obseivatory records show, 
however, that the earth’s magnetism is constantly changing and that 
m the course of a few hours a change may occur of the same order of 
magnitude as the change from year to year A change m one dnec 




tion is followed by a corresponding change m the opposite direction, 
so that the value at the end of a day is usually not much different 
from the value at the beginning 

The more marked and irregular of these periods of disturbance 
ire called magnetic storms They occur at irregular intervals , they 
usually accompany the appearance of large spots on the sun and the 
occurrence of auroral displays, at the time of storms of great seventy 
there is usually difficulty in telegraphic co mmuni cation , they usually 
occur at very nearly the same time all over the earth This last is 
especially true of magnetic storms which begin abruptly, such as the 
one shown in Figure 20 In the United States the change m declina 
tion m the course of a magnetic storm may be anywhere from a 
quarter of a degree to a degree and the change m intensity may be as 
much as 1 per cent The amplitude of the fluctuations is greater m 
high latitudes than in the equatorial regions Thus at the time of 
the severe magnetic storm of November, 1882, the range of declina 
tion observed by Greely at Lady Franklin Bay, Gnnnell Land, was 
ovei 20° as compared with 1 1/ 3 ° at the magnetic observatory at Los 
Angeles. Calif. * 
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Although most magnetic stoims occur at practically the same time 
all over the eaith, the detailed phases show marked differences at 
different places, both as to time and amplitude, indicating that a 
storm is partly cosmical and partly local m character Then too there 
are some magnetic disturbances which are recorded ovei only a 
limited portion of the earth’s surface and do not occur simultaneously 
at all places within that area 

DIURNAL VARIATION 

In addition to these large irregular fluctuations there is a type of 
vanation which repeats itself with considerable regularity day aftei 
day, called the diurnal variation Unlike the magnetic storms, which 
as a rule occur everywhere at practically the same time, the diurnal 
variation is m the mam a local phenomenon, dependent upon the 
position of the sun with respect to the earth m its daily rotation 
about its axis and more particularly upon the position of the sun 
above the horizon The principal part of the change occurs during 
the daytime , during the night the fluctuations are small 

The characteristic features of the diurnal variation are shown m 
Figures 21 to 23 It must be borne m mind that these curves are 
based on days selected because of their freedom from storms, and 
represent the average of a large number of days, so that mmoi irreg 
ulanties are smoothed out and the average range (difference between 
extreme values) is somewhat reduced The time of occurrence of the 
maximum or minimum value may vary as much as two hours on 
different days An idea of the variation on an individual day may 
be obtained from Figure 20 

Decimation — North of the magnetic equator the diurnal variation 
of decimation is characterized by an easterly motion of the north 
end of the needle m the morning, with an easterly extreme about 
8 or 9 a m , then a westerly motion, with a westerly extreme about 
1 or 2 p m , then an eabterly motion for 4 or 5 hours From that 
time to the early morning there is little change The daily range 
is greater m summer than m winter and greater towird the mag 
netic pole than toward the Equator It should be noted, howevei, 
that tor the winter group of months the daily range is about the 
same at Sitka as at Honolulu and less than at the intermediate 
stations, the time that the sun is above the horizon (only about 8 
hours at Sitka as compared with 11 hours at Honolulu) appaiently 
being one of the controlling factors In the Southern Hemisphere 
conditions are reversed , the westerly extreme occurs m the morning 
and the easterly extreme m the afternoon 

The practical significance of the diurnal variation of decimation 
may be seen from the following example In the United States m 
summer the north end of the compass needle points on the average 
about 10' more to the west at 1 p m than it does at 8 a m Con 
sequently a line 1,000 feet long run by compass at the time of the 
westerly extreme would have its terminal point 2 9 feet to the left of 
a line of the same length from the same starting point run at the 
time of the easterly extreme 

Horizontal mtensity and dip — In the case of horizontal intensity 
the diurnal variation has the same general characteristics m the 
noithern and southern hemispheres, but they differ m different lati 



44 


V S COAST AND GEODETIC SURVEY 



Fig 21— Curves showing diurnal variation of declination 
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Horizontal Intensity 

I ig 23 — Claves showing" diuinal variation of horizontal intensity 
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tudes At stations withm 25° or 30° of the Equator the predominant 
feature is a pronounced maximum shortly before noon without a 
well defined minimum From about latitude 40° to the pole the 
predominant feature is a pronounced minimum shortly before noon 
Between, there is a transition belt, wheie the range is smaller and 
the variation less regular, sometimes with two maxima and two^ 
TmTmrm This difference is clearly shown by the curves for Sitka, 
Tucson, and Honolulu, m Figure 23 Tucson is m the transition 
belt, and the form of the curve is quite different for different times 
of the year 

The diurnal variation of dip is of the same general charactei as 
that of horizontal intensity, with a predominant maximum or 
minimum shortly before noon, except m the transition belt In the 
case of total intensity there ;s a predominant minimum about 
noon at Tucson as well as at Cheltenham and Sitka, while at Hono- 
lulu and Porto Rico the range is small and the phases are less pro- 
nounced and different for different times of the year 

THEORY OF THE EARTH S MAGNETISM 

Coincident with the accumulation of observational data regarding 
the earth’s magnetism by means of magnetic surveys and the opera, 
tion of magnetic observatories there has been a continuous attack 
on the fundamental problems of the phenomenon What it is, what 
caused it, what causes it to change Many of the leading physicists 
and mathematicians of the past century have joined in the attack 
One theory after another has been advanced only to be withdrawn 
when it was found to be inconsistent with some of the observed facts 
Some theories fitted well enough qualitatively, but weie entirely in 
adequate when quantity was taken into account, while others which 
seemed plausible at one stage of our knowledge had to be discarded 
when the extent of our knowledge increased 

Advances m other fields of science have been seized upon m the 
hope that they might furnish a clue to the mystery of the earth s 
magnetism Cathode rays, the electronic theory of matter, the con 
stitution of the sun, and the probable condition of the interior ot the 
earth are all being studied as to their possible bearing on the mag 

netic field of the earth „ , 

Gilbert’s conception of the earth as a great magnet uniformly 
magnetized about its axis of rotation, and subsequent modifications, 
could not be reconciled with the acceptance of a very high tempera 
ture for the interior of the earth and the recognition of the demagnetiz 
mg effect of heat, taken in connection with the small amount ox mag 
netic material found m the visible rocks At the same time the 
magnitude of the departures from a uniform magnetization inch 
cated the presence of large masses of magnetic material not far from 
the surface Recent investigations m various fields have suggested 
the possibility that some of the properties of matter subjected o 
very great pressure may be materially different from those observed 
at ordinary pressures Susceptibility to magnetization may be one 
of those properties and the Department of Terrestrial Magnetism 
of the Carnegie Institution of Washington, with the cooperation ox 
the Geophysical Laboiatory of the same institution, is arranging a 
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senes of experiments designed to test the matter With an inner 
core of the earth composed almostly entirely of iron and nickel, as 
suggested by some geophysicists, and the possibility that it may 
be susceptible of magnetization m spite of the high temperature, 
because of the enormous pressure, some magneticians are inclined 
to give further consideration to the idea of the earth as a great 
magnet 

When it seemed clear that the conception of the earth as a peima 
nent magnet could not be sustained, the idea was advanced that the 
earth’s magnetic field might be due to electric currents flowing about 
the earth, either below the surface or m the atmosphere — the eaith 
an electromagnet The mathematical analysis of the earth’s mag 
netic field, according to the method devised by Gauss and extended 
by Neumayer and Peterson (1891) and Schmidt (1896), indicated 
that a small portion of the earth’s magnetism, perhaps one fortieth, 
could be referred to forces outside the earth, another small portion 
to vertical electnc currents, but by far the laigei part to a system 
of forces within the earth A new analysis made by Bauer iti 1922, 
using improved data based on modern observations, gave approx i 
mately the same result He reached the conclusion that for a satis 
factory representation of the observed data it is necessary to recog 
nize the existence of an internal magnetic system constituting about 
94 per cent of the total field, with an external system and a non 
potential system each amounting to about 3 per cent 

A comparison of his results with those previously obtained for the 
epochs 1842 and 1885 indicated that the intensity or magnetization of 
the earth had been decreasing during the 80 years at an average 
annual rate of one part m 1,500, a rate of loss which it is hard to 
reconcile with the age of the earth and the present intensity of mag 
netization unless we suppose that there have also been periods of 
increasing intensity 

The idea of the eaith as an eleett omagnet naturally suggested the 
possibility that its magnetism may be caused by its rotation This 
possibility has been the subject of much study, particularly by S J 
Barnett, who has shown that a piece of iron may be magnetized by 
rotation, though the observed effect was much too small to account 
for the earth’s magnetism In 1900 Sutherland suggested" as a pos 
sible cause of the earth’s magnetism the rotation ox an electrostatic 
field within the earth — a positively charged core and a negatively 
charged crust, or vice versa The development of the electronic 
theory of matter, with the atom consisting of a positively charged 
nucleus surrounded by negatively charged electrons, led Sutherland 
to suggest that if for some unknown reason, connected peihaps with 
gravitation, the negative charge of the atom was farther from the 
center of the earth than the positive charge by only 4X10 9 cm it 
would account for a magnetic field compai able with that of the earth 
When the electiomc theory had been more fully developed and Suth 
ei land’s hypothesis submitted to further test it was found to be 
untenable either qualitatively or quantitatively 

Tailing to find a satisfactory explanation of the earth’s magnetism 
on the basis of the known properties of matter and the accepted laws 
of electiodynamics, Sutherland, Bauei, and Swann have suggested 
that we may have to look for some slight but fundamental modifica 
tion of those accepted laws, possibly as regards the mutual attraction 
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and repulsion of moving positive and negative electrons, similar to 
a suggestion by Loren/ regarding the cause of gravitation Indeed 
there se ems to be growing a belief that gravitation and terrestrial 
magnetism are very closely allied and probably to be traced to a 
common origin 

In view of the difficulties in the way of a direct solution of the 
pioblem of the cause of the earth’s magnetism, magneticians have 
turned their attention to a study of its variations and their coirela 
tion with associated phenomena, such as atmosphenc electricity, eaitli 
currents, auioias, sun spots and solai iadiation, m the hope that the 
cause of the vanations might be discovered, and that m that way 
light would be thrown on the mam pi oblem In particular, magnetic 
storms, those uregular distuibances of large amplitude and compar 
atively short duration, lm e been the subject of much study 

It frequently happens that the occurrence of magnetic storms and 
auroras coincides with the presence of large spots on the sun, and 
this naturally has led to attempts to trace a causal relationship It 
was soon seen that a direct magnetic effect by the sun was out of the 
question, because of the great distance W ith the development of the 
idea that the earth’s magnetism may be caused by cunents of elec 
trieity, different forms of electric discharge emanating from the sun 
were successively put forth as the cause of the observed terrestrial 
phenomena, the theories advanced keeping pac6 with the develop 
ment of our knowledge of electrical discharges m a vacuum 

The correlation of magnetic storms with sun spots, although very 
satisfactory when based on yearly averages, leaves much to be desired 
when individual cases are considered Thus severe magnetic storms 
sometimes occur when no large sun spots are visible, and on the other 
hand the appearance of a sun spot is not always accompanied by a 
magnetic storm Large magnetic storms frequently follow each other 
at an interval approximating the time of revolution of the sun and 
such recurrence has been traced for several rotation poriods, not 
every recurrence being accompanied by a visible sun spot, however 
To meet these conditions Maunder advanced the hypothesis that the 
solar activity which gives rise to magnetic disturbances on the earth 
does not act equally m all directions but along narrow well defined 
streams, not necessarily truly radial, that these streams arise from 
active aieas of limited extent, that these active areas are not only the 
source of our magnetic disturbances but are also the seats of the for- 
mation of sun spots , that these areas can be active both before a spot 
has formed and after it has disappeared 
Bnkeland, Arrhenius, and Nordmann agreed m considering the 
aurora as a luminescence produced by the absorption of cathode rays 
m the upper atmosphere and atti acted toward the earth’s magnetic 
poles Birkeland, who devoted many years to the study of aurora?, 
advanced the theory that cathode rays from the sun set up electric 
currents m the atmosphere which m turn give rise to secondary 
cathode rays He supported his theory by the production of artificial 
auroras m the laboratory, about a magnetized steel ball in a tube ox 
1 arefied air exposed to cathode rays 

If magnetic distuibances on the earth are to be ascribed to 
streams of electrified particles shot out from the sun, we should 
expect to find a disturbance occurring first at the part of the earth 
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first entering the stream and later at other places as they m turn 
entered the stream, as a result of the combined motion of the earth 
m its orbit and the sun about its axis From the time of the eailiest 
comparison of photographic records from widely separate observe 
tones, it was recognized that the more severe magnetic disturbances 
occur at practically the same time all over the earth, and further 
comparative study of abrupt beginnings and sharp turning points 
indicated strict simultaneity, the departures therefrom being ascribed 
to errors inherent m the time measurements, so that more accuiate 
determination of the time of occurrence of such salient features was 
suggested as a method of determining differences of longitude In 
fact, Van Bemmelen from the mean of 53 abrupt beginnings com 
puted the difference of longitude between Batavia, Java, and Green 
wicl^ and obtained a value differing by only 9 seconds from the one 
derived m the usual way 

A later discussion of another series of abiupt beginning magnetic 
storms by Bauer and Fans indicated that the time of occurience 
was not strictly simultaneous all over the earth but that the storm 
progressed, sometimes from west to east and sometimes from east 
to west, with a velocity which would carry it completely around the 
earth m three or four minutes Data from another series of stoims, 
where an especial effort was made to secure more accurate time de 
terminations and more homogeneous selection of stilting points, 
indicate that if a storm occurs at one place before it does at another 
the speed of propagation is more rapid than that given above, as the 
obseived differences of time at different observatories were not much 
m excess of the errors of measurement Rodes also made a study of 
a number of abrupt beginning storms and found some indication 
that such a stoim may occur first at the “ front meridian, 55 that por 
tion of the earth, that is, which would be the first to run into V 
stream of electrified particles coming from the sun These mvesti 
gations are being continued m the hope that they will throw addi 
tional light on the connection between solar activity and magnetic 
storms on the earth 

The researches of Hale at the Mount Wilson solar observatory, 
indicating that the sun has a magnetic field similar to that of the 
earth and that sun spots occurring m pans are of opposite polarity, 
have furthei stimulated the efforts to trace a connection between 
solar and terrestnal magnetism One of the latest results of these 
lesearches is the establishment of the fact thit while for a penod 
of 11 years beginning with sun spot minimum the preceding spot 
shows negative polarity m the Northern Hemisphere and positive 
polarity m the Southern Hemisphere, m the succeeding 11 year 
period the conditions are xeversed 

When we attempt to account for the diurnal variation of the 
caith’s magnetism a different problem is presented Here we have 
a phenomenon of local mean time, as contrasted with magnetic 
storms, which, as we have seen, occur everywhere at practically the 
same absolute time Broadly speaking the diurnal vanation is a 
function of the position of the sun above the horizon, distinctly a 
local phenomenon The extremes and the principal portion of the 
vanation occur during the daytime During the night hours there 
is compaiatively little depaituie fiom the mean for the day In 
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view of this fact, it occurred to Bauer that the interposition of the 
moon between the sun and the earth at the time of a solar eclipse 
might have an appreciable effect on the earth’s magnetism, tending 
to produce night conditions Accordingly he arranged for special 
observations by observers of the Coast and Geodetic Survey at the 
time of the solar eclipse of May 28, 1900, at stations along the belt of 
totality from Alabama to Maryland The results indicated a small 
but definite disturbance associated with the passage of the moon’s 
shadow across the place of observation, and of the character to be 
expected Similar observations have been made at all accessible 
solar eclipses since that time, principally on the initiative of the 
Department of Terrestrial Magnetism of the Carnegie Institution of 
Washington, but with the cooperation of other observers m the coun- 
tries crossed by or contiguous to the belt of totality These have 
tended to confirm the results of the first series, though the effect •tndi 
cated is so small that it can not be definitely recognized when ordi 
nary magnetic disturbances are m progress 

These and other investigations point clearly to the sun as the 
cause of the diurnal variation of the earth’s magnetism Various 
theones have been advanced as to how the effect is pioduced Pei 
haps the most plausible is that some electrical emanation from the 
sun produces a variation m the ionization of the upper atmosphere, 
with a lesultmg change m its conductivity and m the electric cur 
rents flowing about the earth 

The cause of the secular change of the earth’s magnetism has 
been the subject of much study Absolute determinations of the 
intensity of the earth’s magnetic field did not begin until 18SQ and 
it is only within the past few years that xeliable observations cov 
ermg the gi eater part of the world have been available, so that 
definite conclusions can not be expected At first it was thought 
that there might be a systematic change m the direction of the mag- 
netic axis of the earth, causing corresponding changes m declina 
tion and dip, but it was soon found that the observed changes at 
different stations could not be brought into harmony with such a 
theory 

Bauer has made a mathematical analysis of the secular change of 
the eaith’s field as a whole, based on a comparison of observed con 
ditions m 1842 and 1922, and concluded that the system of forces 
involved is partlv within the earth and paitly outside and that the 
strength of the field is- changing as well as its direction 

Variation of solar activity has been suggested as one cause of the 
secular change of the earth’s magnetism The periodic change in 
the number of sunspots, which is undoubtedly a symptom of vaiymg 
solar activity, is paralleled by an 11 year period m the secular 
change, and Bauer has attempted to trace a relationship between 
changes m the earth’s magnetism and the changes of solar activity 
indicated by Abbott’s observations of the amount of heat given off 
by the sun Abbott’s observations have not yet been going on long 
enough, howevei, to draw any definite conclusions 

It will be seen that the studies of these three types of changes m 
the earth’s magnetism all point to the sun as the ultimate cause, 
with variable electric currents m the earth’s atmosphere one of the 
connecting links, but no satisfactory theory to complete the con 
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nection has yet been developed Any theory of the earth’s mag 
netism based on electric currents either within or without the earth 
must take account of the currents actually observed, and one of the 
features of the progress of the past 25 years has been the awakening 
of interest m the study of atmospheric electricity and earth cur 
rents Before long we may expect the increase of our knowledge 
of radio transmission to throw light on electrical conditions of the 
atmosphere at higher levels 

In spite of the progress made m accounting for the changes of 
the earth’s magnetism the fundamental problem still remains, but m 
a modified form Its scope has broadened tremendously so that any 
theory to explain the earth’s magnetism must take into account the 
structure of the atom as well as the structure of the universe How 
evei, new weapons and new methods of attack have been developed, 
and the workers m other fields of science — astronomer, physicist, 
geologist, chemist — are now the allies of the magnetician More 
over, an accurate magnetic survey of practically all of the accessible 
land and water areas and the operation of additional magnetic 
observatories, better distributed, have provided for the first time the 
reliable observational data which must form the ultimate test of 
any theory The problem is recognized as world embracing, and 
continuation of the necessary international cooperation is assured 
by the establishment of the section of terrestrial magnetism and 
electricity of the International Geodetic and Geophysical Union 
While the need for accurate observational data has m part been met, 
it must not be forgotten that the earth’s magnetism is constantly 
changing, and the period of years for which we have accurate knowl 
edge is still extremely small as compared with the age of the solid 
earth It is of fundamental importance for the study of the phe 
nomenon that a continuous record of the changes which are taking 
place be assured, both by the operation of well distributed magnetic 
observatories and by the reoccupation of secular change stations or 
repetition of magnetic surveys at suitable intervals both on land 
and at sea 
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